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ABSTRACT 

A gaseous discharge possessing good ion-focusing properties has been investigated and 
applied t o  the design of an ion source f o r  e l e c t r i c a l  propulsion, The discharge takes 
place i n  the presence of a shaped magnetic f i e ld ,  which establishes the poten t ia l  d i s -  

t r ibu t ion  necessary fo r  focusing ions on the  e x i t  aperture of the source. Electrons 
a r e  introduced in to  the discharge and migrate across the magnetic f i e l d  by co l l i s ion  
processes u n t i l  they a re  removed a t  an anode. 
pared t o  the discharge chamber dimension. 
f i e l d  l ines  is  re la t ive ly  unconstrained within the  discharge, permitting the develop- 
ment of uniform charge densi t ies  over surfaces of constant magnetic f i e l d  strength. 
The resul tant  po ten t ia l  d i s t r ibu t ion  possesses equipotential  surfaces %ha% a re  
closely coincident with the surfaces of constant magnetic f i e l d  strength.  
sui tably simple geometries, t h i s  means of controll ing the poten t ia l  d i s t r ibu t ion  
permits t he  removal through the e x i t  aperture of" vi r tua l ly  a l l  the ions formed. 

Electron mean f r e e  paths a re  long com- 
As a consequence, motion along magnetic 

With 

An ion source employing the above concepts has been fabricated and has undergone 
i n i t i a l  performance evaluation t e s t s  with both argon and mercury propellants. 
performance evaluation program was oriented toward determining the f e a s i b i l i t y  of 
u t i l i z i n g  the source i n  a space propulsion application. The operation character- 
i s t i c s  of the  source were investigated and modifications t o  improve the performance 
were made throughout the program. 
when the magnetic pole piece included angle was increased. It was determined that 
the  magnetic f i e l d  dis t r ibut ion within the  ion source could be ta i lored  t o  obtain 8 

more e f f i c i en t  discharge by increasing the magnetic pole piece included angle. The 
performance l eve l  of the ion source became very good when the  magnetic pole piece 
included angle was increased t o  5n/6, 
source were made and the r e su l t s  were consistent with the  theore t ica l  expectations. 
The probe measurements of the a rc  plasma gave data re la t ive  t o  the energy dis t r ibu-  
t i on  of the high energy electron group i n  the plasma. 
data was a l so  obtained from the probe measurements. 

The 

A significant parameter modification w a s  made 

Probe measurements of the plasma within the 

Plasma poten t ia l  d i s t r ibu t ion  

Tests of ion source performance with a mercury propellant were made. 
has been obtained a t  a l eve l  of 200 eV/ion i n  the  95 t o  100 per cent propellant 
u t i l i z a t i o n  region with tungsten cathodes. 
ance levels  was about 50 ma/cm a t  the e x i t  aperture. 
obtained with an ion source that used an accel-decel extraction system. 
e f fo r t s  have been made on the  problems of ion source efficiency, ion acceleration, 
and nickel  matrix dispenser cathodes. 
a t t r a c t i v e  i n  the space propulsion application due t o  i t s  excellent efficiency, 
high propellant u t i l i za t ion ,  and good lifetime potent ia l .  

AFC efficiency 

The ion beam density a t  these perform- 
2 The performance data was 

Major 

The transverse f i e l d  ion source appears 

i 
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loo INTRODUCTION 

One problem common t o  a l l  existing bombardment ion sources f o r  propulsive use is  
that of ion collection, In a l l  current designs, only a small f rac t ion  of the ions 
produced a r e  collected and removed through the source e x i t  apertures.  
recombine inside the sources, giving up energy t o  the bombardment chamber walls. 

The remainder 

Notwithstanding t h i s  seemingly excessive loss  of ions, bombardment sources have 
shown themselves capable of power efficiencies substant ia l ly  higher than have been 
obtained by competing types. 
ni f icant  increases in  both efficiency and range of application of ion engines 
through improvements i n  the collection and u t i l i za t ion  of the  ions produced, 
concept of the ion source t o  be described here grew out of an e f f o r t  t o  solve t h i s  
collection problem f o r  a source suitable f o r  propulsive purposes, 

However, it is c lear  that the way is open t o  sig- 

The 

The basis of the collection problem i n  current designs may be s ta ted simply as  fo l -  
lows. A l l  these designs have electron mean f r ee  paths with lengths of a t  l ea s t  the 
order of bombardment chamber dimensions. In order t o  u t i l i z e  the energy of the 
electrons t o  create ions rather  t h a n  dissipating it on electrodes, some sor t  of 
electron trapping mechanism is used. 
reaching the  discharge anode u n t i l  they have undergone several  col l is ions with gas 
atoms. This technique has beep successf'ul in  producing copious ion supplies i n  
several  d i f fe ren t  source designs. 
region a re  not neutral, however, f o r t h e  same e l ec t r i c  f i e l d s  that hold the negative 
electrons i n  the t raps  a re  equally effective i n  eScpelling the posit ive ions from 
the t raps .  The net r e su l t  is a forceable outstreaming of ions from the t r a p  region. 
In the more elementary source designs, t h i s  outstreaming is largely uncontrolled 
and v i r tua l ly  a l l  the ions produced recombine internal ly  a t  some negative electrode 
surface. 
propulsion. 
a la rger  f rac t ion  of the ions through the  e x i t  apertures. Nonetheless, the best 
source designs t o  date require several hundred electron vol t s  input f o r  each ion 
extracted through the  e x i t  aperture. This energy is, of course, f a r  i n  excess of 
that theore t ica l ly  needed t o  produce an ion. 

These mechanisms prevent electrons from 

The resul tant  plasmas that form i n  the t r a p  

Only a few escape through the e x i t  aperture and become available f o r  
In more advanced designs, the trapping f i e l d s  a r e  shaped t o  d i r ec t  

In  the  source concept presented here, a deliberate attempt was made t o  avoid the  
creat ion of a t r a p  from which ions would be expelled i n  more than one direction. 
Figure 1,O.l w i l l  help t o  c l a r i fy  the concept, 
wedge shaped gap a re  placed a s  shown. 

A pair of magnet poles with a 
The magnetic f i e l d  l i nes  i n  the  gap w i l l  

I 
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approximte sectors of concentric circlers and fire shown as dashed l ines ,  
a re  placed near the nar~ow end of the gap and held a t  the magnet pole potential .  
A t  the  Large end of the gap an anode is placed w i t h  i t s  fnner surf'ace conforming 
t o  the  shape of the f i e ld  l i nes ,  

Cathodes 

Gas is  admitted t o  the chamber and a discharge is obtained between the cathodes 
and anode. 
r a d i i  of the electrons very small compared t o  the anode-cathode distance, 
t ron mean f r e e  paths are assumed a t  least  equal i n  length t o  the anode-cathode d i s -  

tance, Electrons emitted from the cathodes t rans la te  freely along $he magnetic 
f i e l d  l ines  in s p i r a l  paths of small radius. This creates a sheet of electrons 
across the narrow gap between the pole pieces, 
anode is prevented by the magnetic f i e l d  unless the electrons undergo multiple col- 
l i s ions  wi$h gas atoms. 
p h c e  where the electrons a re  collected, Some electron energy is  l o s t  i n  the col- 
l i s ion  processes, of course, but provided a suitable e l ec t r i c  f i e l d  is maintained, 
the average electron energies can be kept i n  the neighborhood of 25 eV a t  a l l  points 
in the  chamber. A t  these energies in mercury vapor, a reasonable f ract ion of" all 
ine las t ic  col l is ions r e su l t  in  ionization, so ion production is seen t o  proceed in  
an e f f i c i en t  mnner. 

The magnetic field should be suff ic ient ly  strong t o  make the cyclotron 
Elec- 

Net electron motion toward the 

Under the l a t t e r  circumstances migration t o  the anode takes 

A plasma w i l l  be created i n  the chamber with i ts  character is t ic  sheath forming over 
all. material w a l l s ,  

d i rect ion is expected t o  form unipotential surfaces inside the plasm body which 
coincide with the shapes shown f o r  the f i e l d  l ines  i n  the figure.  The resul tant  
e l ec t r i c  f ield in  the plasma body w i l l  then be directed perpendicular t o  these 
unipotentials a s  indicated by the  arrows. 
here approximates cyl indrical  geometry with the  origin shown by the  srmll c ~ o s s  t o  
the l e f t  of the narrow gap. 
formed anywhere in  the plasma body w i l l  be accelerated toward t h i s  origin, so that 

the narrow gap serves as the ex i t  aperture of the source, It should be noted that 

because of the  small charge t o  mass ra t io  of the ions, the ionic paths w i l l  be 
negligibly affected by the  magnetic f ie ld ,  

The free translation of electrons along the magnetic f i e l d  

The par t icular  choice of geometry used 

Because of the shape of the  e l ec t r i c  f ie ld ,  ions 

The ion loss t o  the chamber walls through the sheaths has been neglected i n  t h i s  
crude description, of course, but elementary theore t ica l  treatments of the prob- 
lem put t h i s  loss a t  l e s s  than ten per cent of the t o t a l  number of ions formed. 
Another feature of great importance is the  f a c t  tha% because of the direction of 

3 
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the e l e c t r i c  and magnetic f ie lds ,  the electrons experience strong forces pewendfeu- 
lap t o  the plane of the diagram i n  Figure l , O , l ,  

types the electrons would be a l l  swept t o  one end of the chamber. 
answer t o  t h i s  problem is t o  f o m  a figure of revolution about the center l i ne  shown. 
The Lateral  migration of the electrons i n  t h i s  arrangement would simply r e su l t  in a 

circulat ion of electrons about %he center lixe. No interaction of %his motion with 
the ion collection mechanism is expected. 

Thus i n  a l inear  source of t h i s  
The obvious 

From the deacrip%ion above, it can be seen that an annular ion source can be con- 
structed that holds the  promise of extreme efficiency by v i r tue  of good in te rna l  ion 
focusing, The poten t ia l  application of such a source is obvious, as it could extend 
the  use of ion engines in to  the low specific impulse range where no sui table  e l e c t r i c  
propulsion device now exis t s .  

Before a p rac t i ca l  development of t h i s  ion source concept could be undertaken, it 
was necessary t o  experimentally establish the operating character is t ics  of the ion 
source. 
poss ib i l i ty  of a sbple  theore t ica l  treatment of the problem. 
parameters were established and an i n i t i a l  research t e s t  model was constructed and 
tes ted.  This i n i t i a l  t e s t  model proved valuable i n  subsequent diagnostic work 
(argon propellant) in establishing the operating parameters and i n  proving the  con- 
cept of the discharge, 

The presence of the crossed e lec t r ic  and magnetic f i e l d s  eliminated the 
Approximate operating 

The p rac t i ca l  development of the  transverse f i e l d  ion source was then undertaken 
with a change from argon t o  a mercury propellant, 
t e s t  model was used and very good per fomnee  was obtained with the mercury propel- 
l an t  operation. It became evident a t  t h i s  point that  the ultimate in  ion source 
efficiency was being approached. F”ur%her research on improving the ion source 
efficiency was deferred since it became apparent that there  was a relat ionship be- 
tween the  extraction system and the source pe r fomnce .  
of the exbraction system influenced the p lasm meniscus and the  cathode emission. , 

Thus, it was determined that extraction system development should be in i t i a t ed  and 
that the  research on the extraction system and on fur ther  fmprovfng the ion source 
efficiency should proceed concurrently, 

A modified version of the i n i t i a l  

The location and poten t ia l  

The approach taken t o  the acceleration system sputtering problem was similar t o  the 

approach investigated under Contract ms8-42, 
minimized by proper choice of propellant and by optimizing the geometry in  the accel- 
erat ion region. 

The amount of sputtering was t o  be 

That sputtering which was unavoidable was t o  be directed t o  regions 

4 
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of the 
it was 

system 

electrodes unimportant from a focusing standpoint, 
accepted that an accel-decel electrode system would be used, since such a 

appears t o  best satism neutralization requirements while permitting the de- 

In taking t h i s  approach, 

s i r ed  control over the relationship between current density and electrode spacing, 

Accel-decel systems inherently incur some sputtering damage t o  the accel  electrode, 
since ion$ formed by charge exchange below the f inal  electrode and beam potent ia l  
cannot escape t o  space or  t o  any other electrode. 
charge exchange ions away from the upstream surfaces of t he  accel  electrode, since 
these surfaces are impoptant in  establishing the current density and contour of the 
ion beam, Abl. charge exchange ions formed above the f inal  electrode poten t ia l  were 
t o  be expelled in to  space. 
occurs inherently. On the  upstream s ide ,  the approach was t o  keep primary pa r t i c l e  
t r a j ec to r i e s  directed along the accelerating f i e l d  direction, so t h a t  charge exchange 
ions formed i n  t h i s  region would be focused along w i t h  the  primapy beam, thus missing 
the acce l  electrode and passing out i n t o  space,, 

The intent  was t o  d i r ec t  the 

On t h e  downstream side of the accel  electrode, t h i s  

The extraction system research was ini t ia ted applying the theore t ica l  concepts t o  
an extraction system design using a modified Pierce geometry. The approach was t o  
demonstrate experimentally a f lat  o r  eoncave meniscus a t  the  source extraction aper- 
tu re  and then t o  experimentally optimize the extraction system. The i n i t i a l  t e s t ing  
encountered some problems with corona discharges and insulator  breakdowns, but these 
problems were solved and high voltage operation u t i l i z i n g  an accel-deeel extraction 

system was obtained. 
the  i n i t i a l  t e s t  model was no longer suitable f o r  t e s t ing  due t o  power supply d i f -  

f i c u l t i e s  i n  the extraction of a 500 ma ion beam. The problem was basically over- 
taxed power supplies. 
sui table  extraction system performance was obtained, 
excellent ion source performance had been coupled with an acceptable ( for  t e s t ing  
purposes) extraction system. 
of t h i s  program. 

It became evident a t  t h i s  time that the modified version of 

A new four-inch diameter ion source was constructed and then 
A t  t h i s  point i n  the program, 

Further extraction research was not within the scope 

The remaining major problem area t o  be solved was t o  i n s t a l l  an e f f i c i en t  nickel  
matrix dispenser cathode i n  the ion source. 
been used. 
and it was soon discovered that the magnetic f i e l d  suppressed electron emission from 
cathode surfaces oriented p a r a l l e l  t o  the magnetic f i e l d .  

was made t o  account fo r  the magnetic. f i e ld  influence and good ion source operation 
was obtained except t h a t  %he apc voltage was too high f o r  long cathode l i f e  expectancy, 

Previously, a tungsten wire cathode had 

Development of a good nickel matrix cathode arrangement was in i t i a t ed  

Correction in  the  design 

5 



The research was then directed toward improving the electron emission characteris- 
t i c s  of the  cathode and progress was made in  t h i s  areao 
expiration for  the experimental research was reached and the  experimental work was 
terminated 

A t  th i s  point, the contract 
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2,O TECHNICAL DESCRIPTION OF PROGRAM 

In the previous section of t h i s  report, the  basic concept of the transverse f i e l d  
ion source was described, In t h i s  section, the considerations behind the various 
aspects of the  design w i l l  be dea l t  with in greater de t a i l ,  and the  po ten t i a l i t i e s  

of the  ion engine w i l l  be indicated. Upon t h i s  background, the course of the 
developmental program w i l l  be discussed, eovering a l l  work performed under Con- 
t r a c t  ms8-2527 e 

The ionization efficiency of an electron bombardment discharge source is essent ia l ly  
independent of the s ize ,  o r  scale, o f t h e  source, provided gas pressure, current 
deasi t ies ,  e t c ,  a r e  adjusted t o  the appropriate values f o r  the scale used. 
physical processes behind t h i s  scale independence a re  of i n t e re s t  since the extra 
degree of freedom in design which is allowed by t h i s  property const i tutes  the prin- 
c ipa l  advantage of bombardment sources over contact ionization sources With 
arbitrary current densi t ies  available a t  constant efficiency, the current density 
commensurate with the required electrode l i f e  f o r  any application can always be ob- 
tained w i t l l  no penalty from e i ther  power or  propellant efficiency standpoints. 

The 

This addi t ional  degree of freedom gives the needed f l e x i b i l i t y  i n  design, allowing 
bombardment engines t o  be constructed on the basis of l i fe t ime alone, provided that 
s izes  and weights a re  maintained a t  reasonable levels.  

The processes which an electron undergoes i n  a bombardment engine a re  basically 
three types of encounters with gas atoms. The electrons may undergo e l a s t i c  col- 
l is ions,  they may undergo ine las t ic  coll isions which r e su l t  i n  excited gas atoms, 
o r  they may ionize the gas atoms. For the ionization event t o  occur, the electrons 
must en ter  the  ionizing region with energies i n  excess of the ionization poten t ia l  
of the gas atoms. A t  energies of this  magnitude, the energy loss of the electrons 
i n  e l a s t i c  col l is ions is negligible compared t o  the  ine las t ic  processes, For a l l  
p rac t i ca l  purposes, the energy transfer a l l  goes in to  the ionization and exci ta t ion 
of atoms 

The r e l a t ive  amounts of ionization and exci ta t ion depend upon the r a t io s  of the 
cross sections f o r  these two processes. 
dent upon electron energy i n  the  region below one hundred vol ts .  
t i o n  threshold, none of the energy goes into ionization; however, a s  the electron 
energy increases, an increasing fraction of the energy goes in to  ionization, 
two or  three times the ionization threshold, comparable amounts of energy a r e  
usual3y expended i n  ionization and excitation, with the  exact division depending 

These cross sections a re  strongly depen- 
Below the ioniza- 

A t  
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on the  propellant mater ia lused.  
the r a t i o  of ionization t o  excitation generally shows a slow increase, reaches an 
asymptotic value i n  the low KeV range, and then rennins essent ia l& constant up to 
par t i c l e  energies i n  the MeV range. 

A s  electron energies a r e  increased s t i l l  higher, 

This behavior is well  known3 and is ut i l ized i n  many types of pa r t i c l e  detectors 
fo r  nuclear physics experiments i n  which pa r t i c l e  energies a r e  measured i n  terms 

of the ionization they produce. In the region of constant energy sharing, it is 
customary t o  speak of the t o t a l  amount of energy dissipated i n  the production of 
each ion-electron pa i r ,  
1% varies  only a f e w  electron vol t s  i n  e i t he r  direction from th i s  f igure f o r  most 
elements, being lowest f o r  the noble gases and highest f o r  the alkali metals. 

This quantity is about 30 electron vo l t s  f o r  most materials. 

From the above description, it is clear that the bombardment ionization process it- 
self is scale  independent. The fraction of electron energy going in to  ionization is 

seen t o  be s t r i c t l y  a matter of competition between the ionization and excitation 
processes. The cross section r a t i o s  which determine t h i s  f rac t ion  a re  character is t ic  

of the  propellant material used and the energy of the bombarding electrons,  
of these depends on engine s i z e ,  gas density, o r  any other fac tor  which could be 
related t o  scaling. 

Neither 

The matter of scale dependence of other processes which influence ion source e f f i c i -  
ency cannot be seen so d i rec t ly ,  since they depend not only on findamental physical 
processes, but on addi t ional  conditions necessary f o r  the operation of an ion engine. 
In order t o  examine these conditions, a worhble concept f o r  a bombardment engine 
shall be developed. 

Based on the  above value of 30 electron vol ts  per ion, it can be eas i ly  shown that 

the bombardment of propellant atoms by energetic electrons const i tutes  an ion source 
concept with an extremely high potential  power efficiency. 
the use of mercury as a propellant i n  an engine operating a t  a specif ic  impulse of 
5,000 seconds. 
responding t o  5,000 seconds specif ic  impulse is 2,500 electron vol ts .  
required only 30 electron vo l t s  f o r  its production, the power efficiency of the 
engine would be 

Consider f o r  example, 

The energy expended accelerating a mercury ion t o  the velocity cor- 
If each ion 

Acceleration energy 
= Production energy + Acceleration energy 

2500 = 99 per cent 7 = 30 + 2500 
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The above idealization does not include any of the inefficiencies o r  compromises nec- 
essary i n  achieving a prac t ica l  ion engine. The development of a workable concept is  
not so simple. F i r s t ,  there i s  the matter of col lect ing the ions formed and sweeping 
them out of the ionization region into a region from which they may be accelerated t o  
provide reaction thrus t .  Good collection efficiency requwes that the ion mean f r ee  
paths be large compared with the ionization region depth ( i n  the direct ion of sweep- 
ing) i n  order that col l is ions with neutral  atoms w i l l  not s ca t t e r  the ions excessive- 

ly0 This is important, not only from the standpoint of e f f i c i en t  ion collection, 
but a lso t o  prevent loss of neutrals which could be knocked out of the ion source 
by ion col l is ions.  These considerations f i x  the maximum neutral  density, which is  
a l i m i t i n g  f ac to r  i n  available ion current density,, It appears possible i n  v i r tu-  

ally a l l  cases of in te res t  t o  keep the ion-neutral interaction negligibly low, so 

that t h i s  fac tor  need not contribute appreciably t o  any loss i n  efficiency. 
matter of collecting the ions formed thus becomes completely a problem of properly 
shaping the  e l ec t r i c  fields within the ionizing region. 

The 

The second matter of importance i n  reducing the  idealized engine t o  a workable 
device is the requirement of holding the electrons within the ionizing region u n t i l  
their  energy is largely dissipated. The electron cross sections f o r  ine las t ic  col- 
l i s ions  a r e  usually substant ia l ly  smaller than the  ion-neutral co l l i s ion  cross sec- 
t ions,  so that the electron mean psth length pr ior  t o  an ine las t ic  co l l i s ion  w i l l  
generally be many times the ion mean free path, 

be made large compared t o  the ionizing region depth, it is evident that the electron 
path length p r io r  t o  an ine las t ic  col l is ion w i l l  be very large compared t o  t h i s  

depth. 
constraints on t h e i r  motion, they would quickly escape, having given up only a 
small f rac t ion  of t h e i r  energies in  the form of ionization and excitation. 

Since the ion mean f r e e  path must 

Thus, if electrons were simply injected in to  the ionizing region with no 

In  order t o  obtain a large fract ion of the  electron energy i n  the form of ioniza- 
t i o n  and exci ta t ion of the propellant, it is necessary t o  form e i the r  a magnetic 
o r  e l e c t r i c  t r a p  which increases the electron path length in the ionizing region 
t o  a value a t  l e a s t  comparable with the mean path f o r  ine las t ic  co l l i s ions .  The 
t r a p  of i n t e re s t  is a crossed e lec t r ic  and magnetic f i e l d  configuration i n  which 
electron motion from the cathode t o  the anode is constrained magnetically while 
electron motion i n  the perpendicular direction a t  the chamber walls is  constrained 
e lec t ros ta t ica l ly .  
accelerating the electrons i n i t i a l l y ,  and it is here that we encounter a funda- 
mental, though not serious, res t r ic t ion  on the conditions necessary i n  a workable 
ion engine. 

In t h i s  t rap,  the voltage can reach the value u t i l i zed  i n  
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Since ions may be formed anywhere within the electron t rap,  some are capable of 
achieving energies corresponding t o  the peak voltages within the  ionizing region, 
and subsequently bombarding the walls of the ionizing chamber a t  those energies. 
It is important t o  keep the ion energies below the sputtering threshold of the 
chamber material i n  order t o  avoid destruction of the walls by ion bombardment. 
This consideration places an upper limit of about 45 electron vol ts  on the  ion 
energies f o r  the  most res i s tan t  s t ructural  materials, and therefore, limits the 
electron energies a l so  t o  about 45 electron vol ts .  
low the chamber w a l l  potent ia l  a re  exposed t o  bombardment by ions formed in the 
trap, they may be the determining elements in f ixing the m i m u m  electron energies. 
For instance, an exposed oxide cathode would impose a l i m i t  of about 25 electron 
vo l t s  on ion and electron energies. 

If other electrodes a t  o r  be- 

A t  electron energies in the 25 t o  45 electron vo l t  range, the  division of electron 
energies between ionization and excitation is generally not quite as favorable as 
in the high energy region, but nonetheless ions can st i l l  be generated a t  good 
efficiency. Table 2.0.1 shows the ionization behavior of several  materials in  both 
the low and high energy regions. 
ion-electron Fir  formed is shown f o r  electrons shot i n to  a gas a t  various energies 
and allowed t o  completely dissipate the i r  energies in the gas. Here it is seen 
that mercury is an especially good material from an ionization efficiency standpoint. 
While most materials show energy requirements of 50 t o  60 electron vol t s  per ion 
formed i n  the  low energy range, mercury is seen t o  require only about 30. 

Experimental data f o r  the  energy loss f o r  each 

(Ref e 4 ) . 

Electron 
Energy 

He 

N2 
A 

Hg 

30 eV 

67 

27 

From the  above, it 

Table 2.0.1 
Ionization LOSS (eV/ion-electron pair), 

50 ev 75 eV 100 eV 200 eV E 2'1 KeV E > 4  KeV 

42 34 31 

58 63 45 

56 63 33 

36 37 38 

36 

29 

is  seen that sputtering considerations requlre tha t  bombardment 
ion sources operate with peak electron energies below about 45 electron volts.  
ionization properties of materials as typif ied i n  Table 2.0.1 show that t h i s  

The 
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r e s t r i c t ion  does not necessarily en ta i l  an efficiency penalty i n  comparison with the 

idealized ion engine discussed ear l ie r .  In fac t ,  the table indicates that by using 
mercury as the propellant and by injecting ionizing electrons a t  30 electron volts,  
a workable ion engine could i n  principle have a higher efficiency than the idealized 
engine. 
30 which was assumed f o r  the idealized engine, 

Only 27 electron vol t s  per ion are required a t  th i s  energy ae compared t o  

O f  the conditions found necessary for a workable engine, the electron energy limita- 
t i o n  c lear ly  bears no relationship t o  engine scaling. The requirement of a magnetic 
electron t r a p  could lead t o  a scaling consideration, however, if we were t o  assume 
that the trapping f i e l d  was supplied by an electromagnet. The power required by the 

electromagnet would detract  from the efficiency and scales i n  such a direct ion as 
t o  favor large engines. 
by permanent magnets removes the dependence completely. 
nets require no power, but they are of constant mass per un i t  engine thrust ,  regard- 
less of scale.  We w i l l  adopt t he  l a t t e r  assumption since it yields  highest efficiency 
and since it is always possible in  principle t o  design a sui table  permanent magnet 
e i r c u i t  of reasonable weight 

However, making the assumption that the f i e l d  is supplied 

Not only do permanent mag- 

One last feature  which must be considered w i t h  regard t o  power efficiency is the 

electron source. 
d i t i on  v i r tua l ly  requires that we depend on thermionic cathodes t o  supply the 

electrons,  there being no other convenient low energy electron source. The energy 
requirement plus the necessity of an effective t r a p  allows us t o  see the  relation- 
ship between cathode power and scaling. 
jected a t  a constant energy consistent with the sputtering consideration discussed 
above. 
Table 2.0.1 that each electron injected w i l l  produce a given number of ions. 
the ions are produced a t  a given efficiency independent of scale,  so that a fixed 
electron current is required f o r  a given r a t e  of ion generation. Under the mean 
free path conditions imposed ea r l i e r ,  the  r a t e  of ion-electron recombination in 
the source is negligible, and the ion collection efficiency becomes scale indepen- 
dent, being solely a function of source geometry. 
current delivered t o  the accelerating; region is proportional t o  the injected 
electron current, which implies a fixed cathode s ize  and power f o r  a given thrust, 

i r respect ive of engine scale.  

It is necessary t o  operate a t  low electron energies and th i s  con- 

Let us assume that the electrons a re  in- 

Provided these electrons a re  effect ively trapped, it is apparent from 
Thus, 

Thus, it is seen that the ion 

From the  above discussion, it is seen that a l l  the fac tors  relating t o  power e f f i c i -  
ency are independent of the scale of an ion source of a given design. It was pointed 
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out, however, that a maximum neutral  atom density existed f o r  any given ion chamber 
depth. 
requirement that the ions undergo negligible col l is ions w i t h  neutrals i n  being 
swept from the  ionizing chamber in to  the accelerating region. 
probabili ty ( for  values near zero) varies d i rec t ly  with the  neutral  density, t h i s  
density should vapy inversely with chamber depth t o  hold the  co l l i s ion  pmbabi l i ty  
a t  a constant value. 
with engine scale f o r  a constant ion collection efficiency. 

The condition which determines the allowable neut ra l  atom d e w i t y  is the 

Since the  co l l i s ion  

Thus, it is seen that the neutral  density must vary inversely 

In order t o  show the complete independence of bombardment source design from 
scaling e f fec ts ,  it is necessary t o  show that the required neut ra l  gas density 
behavior with engine s i z e  is compatible with constant propellant u t i l i za t ion  
efficiency. 
gas atoms t o  enter  the ionization chamber where they d r i f t  a t  thermal veloci t ies  
u n t i l  they a re  e i the r  ionized o r  d r i f t  out the  e x i t  port  leading t o  the  accelera- 
t i o n  region. 
order a s  the neutral-ion co l l i s ion  cross section. 
path is of the same order as the  ion mean f r e e  path, which was made long compared 
t o  the chamber depth. As a resu l t ,  the neutral  atoms can be thought of as under- 
going no interactions except with electrons while d r i f t i n g  across the ion chamber. 
In  order t o  achieve high propellant u t i l i za t ion ,  the  probabi l i ty  of an atom under- 
going an ionizing co l l i s ion  during the time required f o r  it t o  d r i f t  across the 

chamber must be very close t o  unity. If th,e probabili ty is much lower than t h i s  

value, a s izable  f rac t ion  of the  neutrals w i l l  d r i f t  out of the  e x i t  port  and be 
l o s t .  

The basic principle of operation of a bombardment engine is t o  allow 

The neutral-neutral col l is ion cross section is generally of the same 
Thus, the  neut ra l  mean f r ee  

In order f o r  the probabili ty of ionization t o  be close t o  unity, the integrated 
product of the  number of electrons per un i t  area per un i t  time which stream past 
the  atom during its t r ave r sa l  of the chamber times t h e i r  cross section f o r  ioni- 
zation must be much greater  than unity. 
the  number of ionization lengths per drif"t  p t h  f o r  the  atom and is proportional 
t o  both the average electron current density and path length. 
u t i l i z a t i o n  t o  be independent of scale, then, the average electron current den- 
s i t y  must vary inversely with the  l inear s ize  of the engine. This condition is 
not in  conf l ic t  with any requirement f o r  high power efficiency, so it is seen 
that both high power efficiency and high propellant eff ic iency can be obtained 
simultaneously in any engine s i ze  range. 

This in tegra l  is numerically equal t o  

For the propellant 
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Imqing together the requirements f o r t h i s  achievement of f l e x i b i l i t y  i n  s i ze  a t  
constant e f f ic ienc ies  quickly yields the var ia t ion of other quant i t ies  with engine 
s ize .  The ion current density behavior, f o r  instance, is d i rec t ly  derivable from 
the neutral  atom density, since the rate of ion production is proporbional to  the 

number of atoms per un i t  time drifting in to  the  ionizing region, 
in turn proporticnal t o  the man therms1 velocity of the neut ra l  atoms t b e s  their  

mean density,  
the s ize ,  so must the ion current density, 

This number is 

Since the neutral  atom density was required t o  vary inversely with 

The t o t a l  ion current, and thus the  engine thrust, is porportional t o  the ion 
cuprent density times the exit port  area, the l a t t e r  being proportional t o  the 
square of the  s ize .  
engine s i ze  

Consequently, the ion current and thrust vary l inear ly  with 

The s i ze  dependence of the magnetic trapping field is a l s o  eas i ly  shown. The func- 
t i o n  of the t r a p  is t o  contain the electrons until.  they have undergone a suf'ficient 
number of co l l i s ions  t o  insure that the bulk of the i r  energies have been absorbed 
in  ine l a s t i c  processes. 
a fixed number of col l is ions a re  required t o  accomplish t h i s  absorption. 
col l is ion,  an electron of given energy can migrate perpendicular t o  the field some 
f rac t ion  of a Lapmop radius on the average, so that the  Larmor radius should be a 
par t icu lar  f rac t ion  of the trap size,  f o r  electrons t o  be contained far a given 
number of col l is ions.  
magnetic field, strength, should scale directly with engine s i ze ,  
field s t r e m h ,  therefore, varies inversely with s i ze  for constant trapping e f f i c i -  
ency. 
inversely proportional t o  electrode spacings f o r  given voltage differences. 

Since the electrons a re  t o  be injected a t  a given energy, 
With each 

Thus, the Iarmor radius, which is inversely proportional t o  
The magnetic 

Incidentally, the e l e c t r i c  f ie lds  can be seen t o  do likewise since they are 

2.1 Transverse Field Ion Source Research Program 

The preceding section described the basis upon which the transverse f i e l d  
The primry aim i n  the transverse f i e l d  ion ion source concept was developed, 

source concept was t o  provide an eff ic ient  means f o r  col lect ing the ions by 
pro-rly shaping the e l e c t r i c  f i e l d s  within the ionizing region, as described 
in the introduction. 
promise of the transverse field ion source was suf f ic ien t ly  great t o  merit 
funding of experfmental research under NASA Contract m8-2527 t o  es tab l i sh  
exp@rinaetntally the f e a s i b i l i t y  of t h i s  concept 

Upon the  theoret ical  establishment of the concept, the 
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The i n i t i a l  work was directed toward the theore t ica l  determination of the important 
parameters of" the  ion source. The theory of" operation f o r  t h i s  source is s t ra ight -  
f"0rwaz-d in i$s simplest form, If one a$tempts t o  ref ine the theory t o  treat de ta i l s  
such as; electrode form and spacing, however, the formalism rapidly gets out of 
hand. 
taken i n  the ear ly  work was t o  use theoret ical  considerations as a guide f o r  the 

experimental investigations. 
gas would f a c i l i t a t e  the  i n i t i a l  experipzental investigations. 
character is t ics  were determined fromthe theore t ica l  concept of the  ion source, 
such as space-charge-limited current, f ina l  ion velocity, specif ic  b p u b e ,  propel- 
l an t  flow rate, ion velocity a t  the s l i t ,  and approximate density and pressure a t  
the e x i t  s l i t ,  The ionization phenomena within the cavity were investigated 

These de ta i l s  are more amenable t o  experimental investiga$ion, The approach 

It was decided that the use of argon a s  a working 
Many of the source 

theore t ica l ly  i n  regard t o  the ion production r a t e  and ion losses t o  the chamber 
walls. The w a l l  loss  is determined by ion , t ransfer  t o  the sheath a t  the magnetic 
pole face. 
by an analysis of electron d i f f i s ion  across a magnetic f i e l d .  

The requirements of the magnetic field within the source were determimd 

The theore t ica l  analysis of the transverse f i e l d  ion source was applied t o  the  
design and construction of a 4,5-inch diameter experimental model. 
mechanical configuration of the experimental model ion source is shown in Figure 
2.1,l. 

The basic 

A photograph of the completed assembly is shown in P ic to r i a l  2 , l . l .  

The operation of the ion source is dependent upon a magnetic c i r cu i t ,  an anode t o  
cathode poten t ia l  drop, a hot cathode, and an extraction system, 
c i r c u i t  design was based on theoretical  estimates of the fringing losses and on the 
reluctance of the e x i t  aperture gap. 
f ield s t rength of a t  leastone kilogauss wouad be available in the v i c in i ty  of the 
e x i t  a p e r h r e .  The magnet windings were provided with water cooling t o  d i s s i p t e  
heat generated i n  the windings. 
was used which allowed f r ee  circulation of water t o  a l l  turns. 
flow pat tern was designed t o  be self-purging, so that gas; bubbles could not accum- 
u l a t e  and cause loca l  hot spots. A vacuum s e a l  between %he cooling water and the 

a rc  chamber was made by soldering a large brass washer over the end of the magnet 
winding region. 
and the magnetic field was shaped i n  the a rc  region by the beveled pole faces. 

The anode was constructed i n  the form of a brass r ing with a V-shape groove pre- 
sent around the ring. Propellant (argon) was brought in to  the  a r c  region by way 
of a propellant supply tube through the m i l d  steel engine w a l l .  

The magnetic 

The aim of the design was t o  insure that a 

To f a c i l i t a t e  the cooling, an open type of winding 
!l%e cooling water 

M i l d  s teel  was used in the construction of %he magnetic c i r cu i t  

The propellant 
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diffused around the anode t o  the  a rc  region, 
an e l e c t r i c a l  connection t o  a SU~POI% screw through the front  of the  ion source. 
!The cathode s t ructure  was a simple tungsten filament heated by e l e c t r i c a l  current 
passing through the center conductor, along the f ront  plate ,  through the filament, 
and then back t o  ground. 
the AC voltage drop across %he cathode smaU compared with the a rc  potent ia l .  

The anode poten t ia l  was obtained by 

A para l l e l  electr%caP connection was necessary t o  keep 

Since the  primary work t o  be performed with t h i s  source dea l t  w i t h  the source 
rather  than the beam accelerating system, the source w a s  operated near ground 
poten t ia l  and a simple acceleration electrode s t ructure  was u t i l i zed .  
ment g r e a t u  simplified e l e c t r i c a l  measurements, but a l s o  required operating the  
ion beam acceleration system and target a t  high negative potent ia l .  

deflection of the ion beam by ground potent ia l  surfaces i n  the vacuum tank, it was 
necessary t o  provide e lec t ros ta t ic  shielding f o r  the beam. 

This arrange- 

To prevent 

2.1,1 Source Optimization 

The experimental model ion engine was instal led i n  the 3 ft x 5 f t  vacuum 
Other equipment such as a calorimeter t e s t  f a c i l i t y  depicted i n  P ic to r i a l  2.1.2. 

t a rge t ,  e lec t ros ta t ic  shield, and power supplies were set  up. The instrumentation 
f o r  the source consisted of metering f o r  a l l  voltages and currents, plus a propel- 
l an t  flow rate meter and a b e a m  power calorimeter. 
and re l iab le ,  consisting of a th i ck  disc of aluminum, 
m a l l y  insulated mss of known heat capacity. Its temperature was measured u t i l i z ing  
a mercury thermometer before and a f t e r  a period of source operation, and i ts  temper- 
a ture  rise was correlated with the time in tegra l  of the e l e c t r i c a l  beam power, 
i n i t i a l  performance analysis was conducted over a wide range of conditions (flow 
ra t e s )  t o  establish a desirable operation region. 
of the  magnetic f i e l d  influenced the output ion beam current. 
f ield strength condition was observed and data was taken only a t  the determined 
optimum magnetic f i e l d  strength during the i n i t i a l  experfmentation. Tests were 
a l s o  made t o  determine the proper voltage f o r  the calorimeter t a rge t  i n  order t o  
suppress secondary electrons. 
adjusted t o  give a well-focused ion beam. 

operation was obtained under good focusing and secondary electron suppression 
conditions. 
source although the efficiency of operation was not good. 
fore, directed toward improving the operating efficiency. 

The calorimeter was quite simple 
The d isc  constituted a ther- 

An 

It was found that the magnitude 
An optimum magnetic 

The source t o  acceleration electrode spacing was 
Data of the transverse f ie ld  ion engine 

The r e su l t s  showed the general performance character is t ics  of the ion 
The e f fo r t  was, there- 
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Several modifications of the ion source were made in  the attempt t o  improve the 
efficiency of operation. The cathode position was al tered and it was found that  the 

or iginal  posit ion was close t o  the optimum (optimum position shown i n  Figure 2o101) .  
The e f fec t  of the anode spacing was investigated and it was fount3 that smaller anode 
spacbgs  required a higher chamber pressure (higher argon flow ra te )  f o r  optimum 
ion source operation. 
the longer electron path f o r  the larger anode spacings which allowed the same num- 
ber of electron-atom col l is ions in  the  lower pressure region as occurred in the 
shorter, higher pressure region, 

The reason f o r  the difference in  chamber pressure was due t o  

There was an insulator (Sauereisen) applied t o  the pole faces f o r  the experiments 
and the  poss ib i l i ty  existed that the insulator was poisoning the discharge. 
insulating material had been applied in  an attempt t o  define the boundary f i e l d  
conditions. The ion source operation was tested with the insulating material re- 
moved from the pole faces and improved performance was noted (k, per cent propellant 
u t i l i za t ion ,  700 eV/ion ionization inefficiency) e 

entering the discharge and poisoning the arc .  
improved as the propellant f low was increased. The ion beam was well focused, 
power t ransfer  was calorimetrically verified, and good secondary electron suppres- 
sion was obtained. The annular shape of the  ion beam was evident from the  erosion 
pattern on the  calorimeter. Pictor ia l  2.1.3 shows th i s  effect .  The experimental 
r e su l t s  indicated that higher propellant flow and a larger  a rc  chamber would give 
improved per fomnce .  It was then decided t o  relocate the experiment i n  a larger 

vacuum system, 7 f t  x 12 f t ,  so that larger propellant flow ra tes  could be investi-  
gated,, 
source operation caused excessive heating of the  uncookd calorimeter, 

The 

The insulating material had been 
The pe r fomnee  of the ion source 

A new air  cooled calorimeter was a l so  constructed since prolonged ion 

Tests of the ion source performance were made in  the large vacuum f a c i l i t y  fo r  
several  anode spacings. 
e f f ec t  upon the source operating efficiency when the  flow Pate was varied inversely 
w i t h  the anode t o  cathode spacing. From a theoret ical  point of view, a change in  

spacing merely changes the length of the posit ive column and has l i t t l e  e f fec t  on 
the  efficiency of operation if' the number of eleetron-neutral encounters was kept 
the same. 
experimental work, and data in  the TOO eV/ion and 
region was obtained 

It was found that  the anode t o  cathode spacing had l i t t l e  

A 45" pole face angle was used i n  t h i s  investigation, as i n  the  previous 
per cent propellant u t i l i za t ion  

The next s tep  in  the experimental investigation f o r  ion source efficiency optimiza- 
t i o n  was t o  investigate the pole face sheath conditions and the focusing e l ec t r i c  
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f i e l d  a s  a function of the pole face angle, 
smaller pole face angles would give improved operation. 
would occur from be t te r  focusing of the e l ec t r i c  f i e l d  near the ex i t  aperture. 
This e f fec t  is  shown i n  Figure 2.1,2. The equipotential  l ines  form a better 

approximatio n t o  a semicircle near the e x i t  f o r  the smaller pole face angle. 
Ions flow i n  a direction perpendicular t o  the equipotential l ines  and fewer ions 
w i l l  be l o s t  t o  the walls f o r  the smaller pole face angle. 
inhomogeniety of the magnetic f i e l d  near the e x i t  aperture w i l l  cause a steeper 
po ten t ia l  gradient ( the equipotential l ines  are influenced by the magnetic f i e l d  
through the electron motion) and the ions w i l l  experience a larger  magnitude 
e l ec t r i c  f i e l d  which w i l l  p u l l  the ions out of the source. 
pole face angle was first changed t o  30" and the  ion engine performance was checked. 
Improved operation was obtained, typically 700 eV/ion a rc  efficiency a t  45 per cent 
propellant u t i l i za t ion .  A 15" pole face angle was t r i e d  and it was found t h a t  the 

cathode posotion became quite c r i t i c a l  i n  its influence on the  ion source operation. 
An optimum cathode position was experimentally found ( the optimum posit ion was in  
l i ne  with the  pole face points r ight  a t  the e x i t  aperture) and ion source p e e o r -  
mnce i n  the 450 eV/ion a rc  efficiency and 60 per cent propellant u t i l i za t ion  region 
was obtained. 
f i e d  by calorimeter measurements. 
not made due t o  mechanical requirements. 

It was determined theoret ical ly  tha t  
The imgroved operation 

Also, the  greater 

Experimentally, the 

b 

The per fomnce  d a t a  is shown i n  Figure 2.1.3. This data was veri-  
Further decreases in  the pole face angle were 

The cathode position was varied t o  determine the  e f fec t  of the  cathode posit ion 
upon the ion source operation. 
0.0 mm behind the  l i ne  joining the inner and outer pole piece points. 
mum positions were between 0 and 0.5 mm suggesting that the electrons should be 

introduced t o  the plasma where the maximum magnetic f i e l d  existed. 
agreed w i t h  theore t ica l  expectations, 

Positions t r ied were 1.4, 1.0, 0,6, 0,5, 0.4 and 
The opti-  

This behavior 

The f i n a l  parameter variation made with the i n i t i a l  experimental model was the vari- 
a t ion  of the e x i t  aperture s ize .  
0.8, 1.0, and 1.4 me A r c  performince combined with the least mechanical problem 

of filament location was best a t  exi t  aperture openings of 1.0 and 1.2 me 
smaller ex i t  aperture openings made the mounting of the filament (without subse- 
quent e l e c t r i c a l  shorting) a d i f f icu l t  problem. Exit aperture s izes  larger  than 

1.4 m caused a problem in  that the extraction poten t ia l  a l tered the a r c  condi- 
t ions.  Shielded cathode configurations were investigated t o  l i m i t  the  acceleration 
voltage influence on the a rc  potential. 

Tests were made a t  e x i t  aperture openings of 0.6, 

The 

A limited amount of shielding was 
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beneficial, although it was necessary to  maintain good e x i t  aperture f i e l d  conditions 
and a l so  allow the cathode t o  be i n  intimate contact with tihe plasma. 

2 ., 1,2 Seven-Inch Diameter Ion Source (Argon Propellant 1 
The per fomnce  characteri8ties of the i n i t i a l  research test model had 

supported %he basic theory and promise of the transverse f i e l d  ion source, 
fur ther  improvements i n  the a rc  efficiency were desired. 

However, 
!The theoret ical  way t o  

improve the arc  efficiency was t o  lower %he chamber pressure (deerease ion-electron 
recombination losses) and t o  increase the chamber s ize  so that a more copious elec- 
t ron supplier ( larger  tungsten wire) eould be instal led.  An enlarged a rc  chamber 
was constructed. A cross section view of the arc chamber is  shown in Figure 2,l.4, 
This new configuration was tes ted w i t h  a larger diameter cathode (three $wis$ed Q.005- 
inch diameter tungsten wires) and a significant improvement in operation was noted. 
Tests were performed t o  show %he variation of the ion engine pe r fomnee  with pmpel- 
lan t  flow ra te .  
beam current was found. 
tained. The a rc  conditions indicated that a suff ic ient  number of electrons were 
present t o  allow ef f ic ien t  ionization of the argon propellant. 

An optimum flow Pate corresponding to 893 ma of theoret ical  ion 
Figure 2,l.5 shows the experimental resu l t s  which were ob- 

The ion focusing f i e l d s  within the ion source appeared t o  be operating i n  a manner 
substantiating the theoret ical  expectations, 

(cathode location). 
perturbations were caused by the cathodess presence there.  
ion source appeared t o  approximate the desired operating character is t ics  so the 
research e f fo r t  was temporarily diverted t o  a diagnostic investigation of the  
plasma character is t ics  t o  obtain a greater understanding of the plasm behavior. 

4 
No ion bombardment was observed on the 

outer pole face and very l i t t l e  ion bombardment was observed on the  inner pole face i 
The cathode was mounted on the  inner pole face and some f i e l d  

The operation of the 

2.1.3 Diagnostics f o r  Argon Propelkant 

!The electron energy group of in te res t  in  the plasma is the high energy 
group which basically has an energy level corresponding t o  the cathode f a l l  poten- 
t i a l ,  It is  these high energy electrons which are responsible f o r  the major pop- 

t i o n  of the ionization that occurs. The region in the  a rc  chamber where the high 
energy electrons lose energy may be inferred as being the region where ionization 
occurs. The transverse f i e l d  ion engine had been developed suf f ic ien t ly  so that 

e f f i c i en t  ionization was obtainable i n  the  plasma, Theoretically the ionization 
should occur near the ex i t  aperture f o r  good ion source efficiency. 

t i o n  was t o  be verified experimentally, 

This predic- 
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The location of the ionization region was determined with a movable probe. The 

energy of the  high energy electron group may be inferred by obsemfng the  probe 
voltage-current character is t ics .  A typical probe voltage-curpen% character is t ic  
is shown in Figure 2 . ~ 6 .  
a saturated posit ive ion flow t o  the probe, When the  probe is made less negative, 
the high energy electrons can reach the probe and the curve begins t o  have a posi- 
t i v e  slope, As the probe voltage increases in the posit ive direction, more of the 
Power energy electrons are collected, the electron current. t o  %he probe surpasses 
the ion current t o  the probe, and the t o t a l  current from the probe becomes posit ive.  
Finally f o r  high posi t ive values of probe voltage, saturation of the electron CUP- 

rent  develops and a l l  the available electrons are eo lbc ted .  
ence between the probe voltage when the first few high energy electrons were col- 
lected is a measure of the energy of the high energy electron groupo 
difference value is eas i ly  obtained by measuring the poten t ia l  change between the 
two knees of the probe curve,, 

When the  probe voltage is made very negative, there  is 

!L?he poten t ia l  dif'fer- 

This poten t ia l  

A movable probe assembly was designed, fabricated,  and tested. 

assembly was installed in the ion source so that an estimate of the electron 
energy d is t r ibu t ion  and magnitude and a l so  the plasma poten t ia l  d i s t r ibu t ion  could 
be determined. 

and 2.1.5. 
pofnt of the a r c  chamber cross section, The horizontal  and v e r t i c a l  motions were 
transmitted through the vacuum system wall with an arrangement of bellows, 
probe posi t ion could be changed while an experiment was in  progress by moving the 
bellows linkage. 
t r o l  positioning of the probe t i p ,  

This probe 

The probe construction is shown in Figure 2.1.7 and P ic tor ia l s  2.1.4 
The probe had two motions which allowed the probe t i p  t o  reach every 

The 

The bellows linkage was calibrated t o  allow accurate remote con- 
Pic tor ia l  2.1.6 shows the en t i r e  uni t .  

An e l e c t r i c a l  c i r c u i t  was designed and cons%pueted t o  allow the probe curves t o  be 

displayed on an oscilloscope. 
an AC voltage s igna l  is impressed upon the probe by the variac. 

l eve l  of the probe is established by 8 De voltage supply, 
is displayed on the  horizontal plates  of' the  oscilloscope and thus gives the 
oscilloscope horizontal  axis the probe voltage labele 

oscilloscope v e r t i c a l  axis  is obtained from the voltage across a 100 ohm r e s i s to r  
i n  the re turn  leg  of the c i r cu i t .  This last voltage is proportional t o  the probe 

current and the proportionality allows the v e r t i c a l  ax is  t o  be calibrated t o  
indicate probe current 

The c i rcu i t  is shown in Figure 2 . ~ 8 .  In the  figure,  
The DC voltage 

The AC driving voltage 

The voltage curve f o r  the 
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Tests of the a r c  per fomnee  were made and data was obtained re la t ive  t o  electron 
energy and poten t ia l  dis t r ibut ions within the  plasma. 
a spacial energy dis t r ibut ion along the axis of the  a rc  as shown in  Figure 2,1,9. 
!The high energy electrons are the  electrons of interest since they are the mfn 

source of ionization in the  discharge. 
amount of energy i n  the first few miUimeters near the exit aperkure which suggests 
a substant ia l  ion production i n  that region. 
t h i s  operation was 200 t o  250 eV/ion arc efficiency a t  95 per @en% propellant 
u t i l i za t ion  (argon propelbant) . 
axis of the a r c  which indicated a h igh  degree of ionization (high plasma conductivity). 
The plasm potent ia l  was nearly identical  with the anode poten t ia l  from the anode 
t o  the  e x i t  apertwe. 

the  important plasma character is t ics  for  good ion source operation had been determined. 

The high energy electrons had 

The high energy electrons lose a s ignif icant  

The ion source p e f l o m n c e  l eve l  f o r  

The plasm potent ia l  was nearly constant along the 

Purbher probe studies appeared unnecessary at  th i s  time since 

2 ,, 1.4 Seven-Inch Diameter Ion Source (Mercury Propellant ) 

The successful operation of the transverse field ion source w i t h  an argon 
propellant had been completed so it was decided t o  attempt t o  operate the tmns-  
verse f ield ion source w i t h  a mercury propellant. The previous experimental and 
theore t ica l  knowledge which had been obtained Prom the argon operation w a s  applied 
t o  predicting the  operating characterist ics of the ion source w i t h  the  mercury 
propellant. 
experimentation. 
ponding t o  approximately 450 ma of ion beam current. 

It was decided t o  use the same experimental ion source f o r  i n i t i a l  
Optimum performance was predicted f o r  mercury flow rates corres- 

The conversion from argon t o  mercury required the construction of a mercury feed 
and vaporization system. 
dr ive which delivered mercury a t  a unVom rate t o  the vaporizer. 
was easily adJustable. 
the mercury was driven. A temperature gradient was maintained along the plug. 
The vapor evolving from the plug was directed through heated tubing t o  the ion 
source 0 

The feed system consisted of a precision mechanical 
The flow rate 

The vaporizer was a porous s ta in less  s t e e l  plug into which 

A cold trapping system was u t i l i zed  i n  the  vacuum chamber t o  protect t he  vacuum 
pumps from mercury contamination. 
NAS8-42 and consisted of a large area of cooled copper sheet and tubing inside 
the vacuum chamber. 
the copper tubing attached t o  the copper sheet. 

The system had been constructed under Contract 

Cooling was accomplished by pumping l iquid nitrogen through 
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The ion source al terat ions which were necessary f o r  the conversion t o  mercury pro- 
pellant were not extensive i n  nature, but they did give rise t o  c e d a i n  operational 
problems. 
vapor t ransfer  tube a d  providing heat t o  the  source i t s e l f  t o  praven% mercury con- 
densation. 
The tube, which carrfed me~cury vapor from the  exberm1 vaporizer through $he vacuum 
wan and in to  the  source, w a s  heated electr%cal ly  t o  prevent condensation and con- 
sequent uncertainty of the  propellant flow rate. 
s a t i s f ac to r i ly  from the t h e  it was installed, requir%ng only sufYicient tes t ing  
t o  es tab l i sh  flow equilibrium times a t  %he flow rates used. 
a t  elevated temperatures was accomplished by passing steam tkl$”ough %he magnet c o i l  
box,, A special portable steam generator was acquired for  t h i s  purpose. 

The basic changes consisted of c0upBing the source t o  a heated mercury 

Coupling the source t o  the t ransfer  tube presented no great  problem, 

The mercury supply system operated 

Operating the  source 

Tests were made of the ion source performance with the mercury propellant. 
i n i t i a l  t e s t  was quite successf”la1 and the  a rc  efficiency and propellant u t i l i za t ion  
character is t ics  were determined for several flow rates .  
propellant u t i l i za t ion  is shown in Figure 2.1.10. 
mately 500 watts which was too high f o r  p rac t ica l  ion source operation. 
twisted 0,005 inch tungsten wires formed the  cathode which was e l ec t r i ca l ly  heated. 

The 

The arc  efficiency versus 
The cathode power was approxi- 

Three 

Qualifications should be s ta ted t o  r e s t r i c t  optimistic conclusions from the curves 
of Figure 2.1.10. 
later i n  the  program. 
high a rc  voltage (35 t o  40 volts)  in the high propellant u t i l i za t ion  region pre- 
sented the  possibi l i ty  of the  presence of doubly ionized mercuqy ions in the ion 
beam. 
capabi l i t i es  of the source performance 

The propellant supply system was not as refined as those developed 
Therefore, a n  error  i n  mercury flow pate was possible. A l s o  

These qualifications should be considered t o  prevent overestimat isg t he  

The general source performance appeared encouraging within the  l imi t s  stated above. 
It was evident that -her experimentation should take the form of a refinement 
of the  propellant, acceleration, and cathode systems. 
stone, t he  achievement of good arc  efficiency with a mercury propellant, had been 
reached. The behavior of the ionization process and the plasma character is t ics  
had been w e l l  established and the expe rhen ta l a rc  efficiency had substantiated 
the  theore t ica l  promise of the transverse f i e l d  ion source. 

%e first s ignif icant  mile- 

The remaining mjor problems t o  be solved were t o  develop an e f f ic ien t  cathode and 
an extraction system f o r  the transverse f i e l d  ion engine, A preliminary investi- 
gation in to  the cathode problem was begun. Thoriated tungsten cathodes or  nickel 

36 



I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

400 

K 
0 3 300 
Q 
K 

x 
0 
S 
Q 
0 

Q 
S 

K 
0 

0 
N 

.- 

.- 
L’ 200 
rc 

- 
.- c - - s 100 

0 

Ib = MAXIMUM THEORETICAL 
ION BEAM CURRENT 

lb = 387 ma 

lb = -460ma 
I I 
550 ma 

0 10 20 30 40 50 60 70 80 90 100 

Propellant Utilization - % 

FIGURE 2.1.10 PERFORMANCE CHARACTERISTICS WITH A 
MERCURY PROPELLANT 

37 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 

matrfx dispenser cathodes appeared t o  be possible answers t o  the problem of decreasing 
the cathode power while maintaining a suff ic ient  electron supply t o  the discharge. 
lPhoriated tungsten cathodes operate a t  a lower temperature than pure tungsten 
cathodes and have an emission efficiency of 25 t o  80 m/watt compared with 2 to 6 
m a / w a t t  f o r  pure tungsten. Comparison with pure tungsten cathode operation indi- 
cates that suff ic ient  numbers of electrons could be obtained from the thoriated 
tungsten cathode a t  power expenditures of 50 t o  100 watts. 
t o  a 100 t o  200 eV/ion decrease i n  the  efficiency, 
thoriated tungsten cathode depends upon the cathode confYguration and the mainten- 
ance of the a rc  voltage below 22 volts. 
t o  keep the thorium monolayer from being sputtered away by posit ive ion bombardment, 
This a r c  voltage requirement makes the use of thoriated tungsten cathodes in  the 

transverse f i e l d  ion source questionable since it m y  be d i f f i c u l t  t o  obtain a high 

propellant u t i l i za t ion  a t  such a low arc voltage, 

This would correspond 
The lifetime performance of a 

The a re  voltage requirement is necessary 

A thoriated tungsten cathode was installed i n  the ion source. The cathode consisted 
of a 0.005-inch diameter, one per cent thoriated tungsten wire which was mounted on 
0.025-inch diameter tantalum support studs. 
t u re s  of 2500°F was not accomplished due t o  the conductive heat loss associated 
w i t h  support studs. 
act ion was t o  investigate the  nickel matrix dispenser cathode f o r  application t o  
the transverse f ield ion source. 

Activation of th cathode a t  tempera- 

A t  t h i s  point, it seemed that the most valuable course of 

The matrix type dispenser cathode appears t o  be the most promising cathode f o r  use 
i n  a low pressure mercury discharge. The major advantages of the nickel matrix 
dispenser cathode is that it has a machinable surface, m y  be exposed t o  the 

atmosphere when cool without suffering a diminished emission l eve l  fn subsequent 
t e s t s ,  has a good resistance t o  ion bombardment and poisoning, and has an adequate 
l i fe t ime f o r  ion propulsion applications. An i n i t i a l  e f f o r t  was made t o  install 
a nickel  matrix cathode in the  ion source. The cathode mterial tha t  was avail- 
able a t  that time did  not provide adequate electron emission t o  give the necessary 
a rc  voltage and current characteristics. 
nickel  matrix cathodes i n  the transverse f i e l d  ion source was deferred u n t i l  a 
concurrent investigation of various cathode compositions and s inter ing techniques 
(NAS3-2522) was completed. 

Further work on ins ta l l ing  sui table  
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2.2 Fxtraction Electrode Studies 

The nex% phase of the experimental research was t o  investigate %he problem 
of developing an e f f ic ien t  and long l ife exbraction system, 
extzaction electrode studies were t o  investigate the  problew associated with the  
extraction of an ion beam from the transverse f i e l d  ion source, t o  es tabl ish the 

c r i t e r i a  f o r  obtaining an ion beam with a sui table  spec i f ic  inrpulse a t  sa t i s f ac to r i ly  
low ion iqpingement on the  acceleration electrodes, and t o  construct a low inpinge- 
men% extraction system f o r  experimental research purposes. 

The objectives of the 

The aecelemting system l i f e  problem comes about as the r e s u l t  of the following 
circumstancese2 F i r s t ,  a requirement ex is t s  t o  neutralize an ion beam being used 
f o r  propulsion. 
by inject ing electrons in to  the  ion beam downstream of the accelerator electrode. 
It is here that the complication arises,  f o r  the ion source is strongly posit ive 
r e l a t ive  t o  the beam potential ,  so sane means must be used t o  keep the electrons 
from streaming back t o  the source. 

If the ions a re  positive, t h i s  neutralization may be accomplished 

Vir tual ly  the only way i n  which this  c a n  be done is by u t i l i z i n g  an accel-decel 
system i n  which the  accel  electrode i s  operated somewhat negative w i t h  cespect t o  
the f i n a l  electrode and ion beam. 
neutralizer,  effect ively preventing electron backstreaming. 
electrode a t  potentials below the beam potent ia l  is the feature  which causes the 
l ife problem, however, f o r  it is not possible t o  co-letely protect it from bombard- 
ment by high energy ions. 

The negative poten t ia l  region is upstream of the  
Maintaining the acce l  

The iona proceeding d i r ec t ly  from the source a re  not the fundamental problem i n  t h i s  
case, f o r  they can always be focused t o  miss the accel  electrode completely. 
problem arises f romthe  f a c t  that not only ions a re  emitted from the source; 
neut ra l  atoms a l s o  are emitted as a resul t  of incomplete propellant u t i l i za t ion .  
As the  neut ra l  atoms d r i f t  through the inter-electrode region, some of them become 
ionized by charge exchange with ions streaming past. These charge exchange ions 
can, i n  principle,  be focused into the f i n a l  beam if they a re  formed i n  a region 

above the final beam potent ia l .  
potent ia l ,  it is cer ta in  that they w i l l  strike the  accel  electrode. 
considerations render the  energies of these ions suf f ic ien t ly  high t o  do sputtering 

damage, so it is seen that the accel electrode l i f e  can never be made indefini te ly  

The 

However, if they are formed below the f inal  beam 
Prac t ica l  

long. 
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There a re  several  approaches t o  the problem. 
ing ions can be reduced as far as possible by operating the accel electrode a t  a 
voltage close t o  the f ina l  beam potential. Also, the geometry can be adjusted so 
that the region below the f inal  beam potential  is small, thereby reducing the  num- 
ber of ions formed. A third approach is t o  reduce the number of charge exchange 
ions formed by reducing the prfmary ion current and the neutral  atom densi t ies .  
A fourth way of increasing the  l i f e  is t o  d i r ec t  the bombarding ions t o  a region 
of the electrodes that can undergo considerable damage without adversely effecting 
the operation of the electrode system, A last method of prolonging the l i f e  is t o  
Q t i l i z e  a propellant which has a small propensity t o  form ions by charge exchange. 

F i r s t ,  the  damage done by the sputter- 

Generally speaking, a l l  of these measures must be u t i l i zed  t o  some degree in  order 
t o  a r r ive  a t  an electrode design of adequate l i fe .  

are geometric i n  nature, and w e  shall discuss them presently. 
however, can be discussed independently of s i ze  o r  configuration, so w e  shall con- 
sider it before the others. 

Most of the methods mentioned 
The last measure, 

The matter of propellant choice hinges on several  factors  besides accel electrode 
l i fe .  

materials available, with cathodes, and w i t h  engine electrodes. 
capable of being metered and vaporized f o r  low power expenditure and it must be 
ef f ic ien t  fram a thrust point of view. 
t ia l ly  less t o t a l  energy must be expended i n  ionizing a propellant atom than in  
accelerating it. 
atomic mass propellants strongly. 
the kinet ic  energy they acquire equals t h e i r  charge times the voltage difference 
through which they have been accelerated. 
ion mass m t o  velocity v is thus: 

Firs t ,  it must be chemically compatible with the propellant feed system 
It must a l so  be 

This last requirement means that substan- 

It can eas i ly  be seen that t h i s  Last requis i te  favors high 

Since the  ions a re  accelerated e lec t r ica l ly ,  

The energy expended t o  accelerate an 

2 mv - -  
eva - 2 (2.2-1) 

where e is the ionic charge (the electron charge f o r  singly ionized a t o m )  and Va 

is the  accelerating voltage. 
the  above equation that the voltage required t o  accelerate an atom t o  a given 
velocity, (which is proportional t o  specffic impulse) and thus the energy the atom 
a t t a i n s  a t  that velocity, a r e  both directly proportional t o  par t ic le  mass. There- 

fore,  the number of electron vol t s  per ion used in accelerating each ion t o  a 
given specif ic  impulse is d i rec t ly  proportional t o  the propeUant atomic weight. 

Assuming only singly ionized atoms, it is c lear  from 
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It was pointed out earlier, however, that the  energy required t o  create an ion did 

not vary much f o r  most possible propellants, usually requiring somewhere between 
30 and 60 electron vol ts .  Including losses within the sources ra i ses  t h i s  value in  

terms of electron vol t s  per ion delivered t o  the accelerating region t o  a range of 
about 350 t o  TOO electron vol ts ,  of course, but the important point is tht %he 
value is not very sensi t ive t o  w h a t  propellant is used, 
energy required t o  accelerate an ion must be many times these values f o r  an ion 
engine t o  be highly e f f ic ien t ,  whatever the  mater ia lused.  
mass values in equation 2.2-1 gives representative values f o r  the  acceleration 
energy per ion f o r  a number of materials covering the range of possible propellants 
f o r  I SP 
t a n t  eff ic iencies  f o r  an assumed ion formation energby of 500 electron vol ts  f o r  a l l  
propellants 

It is c lear  that the 

Placing several  ionic 

= 5000 seconds. These values a re  shown i n  Table 2.2-1 along w i t h  %he resul-  

Table 2.2.1 
Ion Engine Efficiency as a Function of Various Propellants 

(A constant generation requirement of 500 eV/ion is  assumed) 

Atomic Accel Engine 
Weight Energy (ev) Efficiency ($) 

H 1 12.5 
Ne 20 250 
cs 133 1660 
Hg 201 2500 

2.4 

33 
77 
83 

Since the energy of ion formation of 500 electron vol t s  per ion ( a t  reasonable 
propellant u t i l i za t ion )  is representative of current ion source requirements , 
Table 2.2.1 demonstrates that  high atomic weight propellante are desirable f o r  
an engine based on current technology operating a t  I 
more, it is seen that atomic weights greater than one hundred are a l i t e r a l  neces- 
s i t y  t o  achieve even minimeUy acceptable eff ic iencies .  

= 5000 seconds. Further- 
SP 

Taking in to  account the atomic weight as w e l l  as the other necessary chemical 
and physical properties mentioned previously r e s t r i c t s  us t o  a very few mater- 
ials about which suf f ic ien t  ionization information is avqilable t o  warrant t h e i r  
consideration as poten t ia l  propellants. O f  these the most p rac t i ca l  appear t o  be 
mercury and c e s i u .  In terms of engine performance, merculy has the advantage of 
higher atomic weight, and is compatible with the e f f i c i en t  barium film and barium 
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oxide cathodes. 
fac tor  normally would allow a greater f l e x i b i l i t y  in source design without exceeding 
sputtering threshold voltages, but it is largely of fse t  by an extremely high excita- 

t i on  cross section. A s  a resu l t ,  the design f l e x i b i l i t y  of cesium and mercury 
sources are roughly comparable. 
cathodes, since it is compatible with the tungsten-oxygen-cesium variety which are 
nearly as ef f ic ien t  as the bariumtypes. While the W-0-Cs cathodes can be operated 
in equilibrium with the cesium vapor pressures exis t ing in  low density ion sources, 
some method of supplying oxygen f o r  long term applications must be devised, o r  the 

available current density w i l l  f a l l  by a fac tor  of more than one hundred as the  
oxygen is depleted. The barium cathodes a l s o  require a continual supply of act ive 
material, however, so the  cathode problems in both cases appear comparable. 

Cesium, on the other hand, has a lower ionization potent ia l .  This 

Like mercury, cesium can a l s o  be ueed with e f f i c i en t  

The r e a l  c r i t e r ion  f o r  choice between these propellants arises when we consider them 
from the point of view of acceleration sys t eml i f e .  
equal thrust per uni t  area a t  I P 5000 seconds and equal propellant u t i l i za t ion ,  
it follows that both the  ion current density and th neut ra l  atom f lux  f o r  cesium 
are up by a fac tor  of 1.5 over the values f o r  mercury. Assuming a fixed r a t i o  
between source and accel  electrode voltages relative t o  the beam potent ia l  f o r  
both cases gives the ssme velocity dis t r ibut ion f o r  both types of ions i n  the 

regions contributing t o  ion formation by charge exchange. Figure 2.2.1 shows the 
values of the  charge exchange cross sections verms ion velocity f o r  atoms with 

their  own ions, and i n  the velocity range contributing t o  accel  electrode wear 
(between 5 and 10 x 10 
the mercury cross section by a factor of about 2.5. (Reference 6 )  Taking in to  

account the current density r a t i o  of 1.5 and the fact that  cesium neutral  atoms 
s tay  i n  the contributing region f o r  a shorter  time a t  equal neutral  gas temper- 
atures  by vir tue of t h e i r  lower mass, the re la t ive  number of cesium and mercury 
ions formed by charge exchange can be calculated, yielding the r a t i o  of 4.6 t o  1. 

The damaging ef fec ts  of cesium versus mercury a re  not quite in  t h i s  r a t i o  because 
the cesium ions strike with one-third less energy and cause 8 s l igh t ly  lower 
darnage per un i t  energy. Thus, 
mercury yields  a substant ia l  lif'etime advantage. An engine operating on mercury 
a t  a given thrus t  per uni t  area w i l l  last three times as long as a similar engine 
operating on cesium a t  the same specific impulse. 
source operation within the voltage limits s e t  by sputtering considerations and 
yields  overa l l  eff ic iencies  a t  leas t  equal t o  cesium, there appears t o  be no argu- 
ment favoring cesium over mercury. 

Comparing them on the basis of 

SP 

6 cm/sec) the cesium cross section is seen t o  be larger  than 

These factors reduce the  damage r a t i o  t o  3 t o  1. 

Since mercury is capable of 

1 
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Returning t o  the other methods of prolonging electrode l i f e ,  it is apparent tha% 
redue- the ion current density is an effect ive means of decreasing the sputtering 
danrslge. Generally speaking, a decrease in current density fnaplfes an increase in 
engine scale,  tf opt- operating conditions are t o  be maintained. 
w i n  ion current and neut ra l  atom densit ies be decreased, but the  s i ze  of t he  
electrodes w i l l  be increased. A s  a result ,  they w i l l  be capable of zmdergofng 
more sputtering before exhibiting serious impairment i n  t h e i r  beam forming a b i l i t i e s .  

Tkus, not only 

Control over current density without a power efficiency penalty is, of course, one 
of the a t t r ac t ive  features  of bombardment engines. 
ionization engines, bombardment engines can be constructed with vir%ually any cur- 
rent  density desired a t  good efficiency. 
in  bombardment engines is  s t r i c t l y  one of l i fe t ime versus average current density 
and is much l e s s  c ruc ia l  in determining the prae%icali ty of an engine than the  mat- 
te r  of efficiency. 

Unlike the  cesium contact 

The competition between design prameters  

The preceding extraction system discussion described the basic problems $0 be 

solved i n  constructing accelerator electrodes e The i n i t i a l  experimental work per- 
formed t o  study the extraction system problem was t o  construct an electrode system 

which would provide suf f ic ien t  focusing of the ion beam. 

The extraction geometry chosen was a modification of the well-known Pierce geometry 
f o r  the space charge flow of a para l le l  beam from a slit source. 
the  ideal Pierce geometry were necessary i n  the ac tua l  electrode design due t g  %he 
physical requirements in constructing the electrodes e 

Departures from 

The choice of 
t i on  by three 

the extraction geometry parameters was guided t o  a first approxima- 
equations: (MKS units)  

213 413 
xO 

= 4,06 x lo5 j / K o  'a (2.2-2) 

Y/Yo = 1 + 2.99 x 10 6 Jx2/va 3/2 (2.2-4) 

where Va is the minimum poten t ia l  for extracting the mercury ion current density, 

3, X is a correction fac tor  which is  equal t o  1 

f o r  the idealized Pierce geometry, but is less than 1 f o r  other geometries, N+ is 
the ion density of the plasma j u s t  inside the meniscus, e is the electronic charge, 

is the  acceleration distance, K 
0 0 
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EA is the average electron energy in the plasma, M is the mass of the mercury atom, 
Y is the width of the  ion beam which is i n i t i a l l y  Yo, and X is the posit ion a t  
which the beam width is Ye Equation (2.2-2) is Child's l a w  modified by the  fac tor  

Since KO 5 1 it is implied that the extraction efficiency fop a specif ic  KO * 
r e a l i s t i c  geometry is less  than fo r  the idealized Pierce geometry. 
is a statement of the maximum ion current density which can be extracted from the 

plasma through the meniscus. 
ion density and the average electron energy inside the plasma. 
is a statement of the ion beam blow up in  the d r i f t  region between the acceleration 
electrodes. If it is assumed tha t  the maximum current density as given by Equation 
(2.2-3) is t o  be extracted, then Equation (2.2-2) implies that fo r  low values of 
extraction potential ,  the  acceleration distance should be small. 
t o  Equation (2.2-4), a small acceleration poten t ia l  difference resu l t s  in a rapid 
beam blow up which in  turn requires that the  length of the acceleration electrode 
be small if the deceleration electrode is t o  be able t o  refocus the beam,, For a 
short acceleration region, however, the sputtering rate due t o  charge exchange 
may be excessive. 

Equation (2.2-3) 

This maximum current density depends on the plasma 

Equation (2.2-4) 

However, according 

The Pierce type electrode design was used t o  determine the shape of the electrodes 
constructed f o r  the i n i t i a l  testing., Because of its low sputtering ra t io ,  carbon 
was chosen as the  electrode material. 
could be determined most e f f ic ien t ly  if movable electrodes were present so a movable 
accel-decel extraction system was designed and fabricated. 
viously had been used f o r  probe measurements was converted t o  the movable electrode 
application. A prof i le  view of the movable electrode assembly is shown in  Figure 
2.2.2. 
top while the inner electrode rings are moved by the linkage which passes through 
the center of the ion engine. 

O p t i m u m  voltage and spacing conditions 

The linkage which pre- 

In the figure, the outer electrode rings are moved by the  linkage a t  the  

The movable electrode assembly was fabricated and tests were made on the  calibra- 
t i o n  and mechanical performance of it. A few minor modifications were made and 
then an experimental ion engine extraction tes t  program was begun. The ini t ia l  

tes t  was t o  be made with a mercury propellant. 
getting the i n i t i a l  investigations of the extraction system underway, specif ical ly  
insulator  breakdown and outgassing of the carbon electrodes. The insulator break- 
down problem was caused by ion bombardment and by deposition of sputtered material 
on t he  ceramic insulatora. A shielding arrangement was designed, fabricated and 
ins ta l led  around each insulator; the  shields were two small concentric s ta in less  

Some problems were encountered in  
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s t e e l  cans which surrounded an insulator and prevented the  deposition of sputtered 
material  and a l s o  prevented ions from impinging on the ceramic surface. 
gassing problem was eliminated i n  the experiment by a change t o  s ta in less  s t e e l  
electrodes. 

The out- 

A temporary change was made t o  argon propellant t o  f a c i l i t a t e  the i n i t i a l  experi- 
mentation. The basic extraction electrode design used i n  both the  argon and mer- 
cury tes t ing  is shown i n  Figure 2.2.3. 
fo r  various accelerator electrode spacings and voltages. 
of the  d a t a  t o  show the variation of ion interception percentage on the acceleration 
electrode as a f inct ion of the acceleration voltage using argon propellant and an 
acceleration distance of 3e5 mm. 
a t  acceleration voltages of minus 9 kv. 
t r i e d  due t o  corona discharge. 
necessary t o  lower the performance of the source t o  approximately 45 per cent pro- 
pel lant  u t i l i za t ion  a t  400 eV/ion arc efficiency in  order t o  reach even the 9 kv 
level.  
f i e l d  from 200 gauss t o  70 gauss.) 
t o  allow extraction potentials t o  be applied when no ionization was being generated 
by the ion source; once the a rc  was turned on a s ignif icant  corona discharge prob- 
lem was encountered at  extraction potentials exceeding 5 kv except when the source 
performance was lowered. 
l e v e l  present i n  the vacuum chamber when high performance operation was attempted. 
A discharge w a s  eas i ly  s tar ted between the negative poten t ia l  calorimeter and 
ground when many ions were bombarding the calorimeter. 

Tests were made on the extraction system 
Figure 2,2.4 i s  a plot 

Fairly good focusing of the  ion beam was obtained 
However, higher negative voltages were not 

In  taking the data f o r  Figure 2.2.4, it was found 

(This source performance was obtained by lowering the in te rna l  magnetic 
The pressure of the vacuum system was low enough 

The corona discharge resulted from the high ionization 

Additional t e s t s  were made t o  investigate the extraction system performance with 
a mercury propellant. 
spacings and the performance w a s  similar t o  the  argon operation as was expected. 
The r e su l t s  of the t e s t  data are shown i n  Figure 2.2.5 where the percent of ion 
beam intercepting the  acceleration electrode is shown as a function of the acceb- 
erat ion voltage f o r  the various extraction spacings. 
of voltages tes ted tha t  the smaller electrode spacings gave a smaller interception 
on the acceleration electrode. The curves a re  incomplete i n  that the t e s t s  of the 
extraction system behavior i n  the accel voltage region above 10 kv were not pos- 
s i b l e  because of the corona discharge and the overtaxed acceleration electrode 
power supply. 
ments were considered i n  de t a i l ,  and it was decided that a major change i n  the 
engine and the  experimental configuration was i n  order. 

Data was taken (mercury propellant) f o r  various extraction 

It was found i n  the range 

These l imitations on the progress of the extraction system experi- 
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2.2.1 Four-Inch Diameter Ion Source 

The course chosen was t o  fabricate a new engine shown i n  the artist 's 
drawing of Figure 2.2.6. 
model and had a nominal ion beam current rating of 250-300 ma. 
meter of the source was four inches, A l l  of the obsolete appendages which had 

been added t o  the ea r l i e r  seven-inch diameter engine were removed and a l l  the im- 
provements and modifications suggested by previous experience were incorporated. 
Either permanent or  electromagnets could be used by substi tution of different  back 
plates.  
under operation and was firmly supported. 
mounting a t  high potential  . 

This engine was smaller i n  diameter than the ea r i l e r  
The overall  dia-  

Furthermore, the extraction system retained its capability of movement 
Also, t h i s  engine was arranged f o r  

The four-inch diameter ion source was constructed and assembled., 
2.2.2 and 2.2.3 show various views of the completed ion source. 
shows the experimental s e t  up. 
t o  prevent the ion beam from impinging on the walls of the vacuum chamber and 
causing outgassing. 
rounded by a liquid nitrogen cooled coil. The water cooled target absorbed the 

primary ion beam power while the liquid nitrogen cooled c o i l  provided a pumping 
action t o  rapidly remove neutral  mercury atoms from the  region. 

of the new configuration were made and data was obtained as shown i n  Table 2.2,2. 

Pictor ia ls  2,2,1, 
P ic tor ia l  2.2.4 

A special calorimeter arrangement was constmqted 

The calorimeter was constructed with a water cooled target SUP- 

Perfomance tests 

A f a i lu re  i n  the inner electrode mounting insulator i n  Run 4 caused the inner accel- 
eration electrode t o  move s l ight ly  out of position w i t h  a high resultant interception. 
Because of t h i s  diff icul ty ,  it was not possible t o  obtain meaningful extraction 
system performance information in  this  test. 
obtained from the experiment t o  allow proceeding t o  the  next phase of development 
of the ion source. 

Sufficient infomation, however, was 

The performance tes t ing of the four-inch diameter ion source was rewarding in  that 

it had i l lus t ra ted  the capability o f t h e  transverse f i e l d  ion source using mercury 
t o  operate with high propellant ut i l izat ion at  a reasonable a rc  efficiency and under 
typ ica l  extraction e lec t r ic  f ie lds .  
source t o  the four-inch diameter ion source required a shortening of the magnetic 
pole faces. 
gated although from theoret ical  considerations it should not be an important pm- 
meter within the  limits of the  conversion. The excellent performance of the four- 
inch diameter ion source indicated that t h i s  theoret ical  prediction was correct * 

This was an important consideration when the construction of a smaller ion engine 
model became desirable, 

The conversion from the old seven-inch ion 

This was a parametric variation which previously had not been investi- 
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PICTORIAL 2 . 2 . 2  
FOUR-INCH ION ENGINE (TOP VIEW) 
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PICTORIAL 2.2.3 
FOUR-INCH ION ENGINE (FRONT VIEW) 
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PICTORIAL 2.2.4 
EXPERIMENTAL FACILITY 
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Table 2.2.2 
Four-Inch Diameter Transverse Field Ion Engine 

Performance Data 

* 
Run No. 1 Run No. 2 Run No. 3 Run No. 4 

Ion Beam Current, ma 

Source Potential, kv 

Accel Potential, kv 

Accel Interception 
Current, ma 

Arc Voltage, vol ts  

Arc Current, amps 

Magnetic Field, gauss 

~ r c  Inefficiency, ev/ion 

Total  Source Inefficiency, 
ev/ ion 

Propellant Util ization, Q 

Accel Interception, Q 

150 200 220 270 

+2.4 +2.5 +2.5 +2.5 

-12 -12 -12 -16 

35 35 36 110- 

30 28 37 55 

0.9 1.2 0.9 1.2 

120 140 140 140 

180 168 151 244 

1050 818 743 1274 

50 66 73 ss 
23 17.5 16 40.7 

Hg Feed Rate, equivalent , ma 302 302 302 275 

* 
Higher cathode power was used on t h i s  run. 
increasing electron emission a t  a small cost  i n  a rc  inefficiency and in cathode 
power ,, 

The arc  voltage decreases with 

M 
Broken inner accel insulator occurred on Run No. 4. 

Note: 1. The cathode consisted of two twisted 0.005 inch tungsten wires 
(cathode power was approximately 130 watts). 

2. The acceleration electrode spacing was 2.0 mm. 
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2.2.2 Two-Inch Diameter Ion Source (Mercury Propellant 1 
A t  t h i s  point i n  the research program, it seemed appropriate t o  begin 

serious investigations into the problem of ins ta l l ing  a nickel  matrix dispenser 
cathode i n  the  ion source a s  well  a s  t o  continue extraction electrode studies 
associated with the  annular geometry. 
could be conducted most eff ic ient ly  if the ion source were set up i n  a vacuum sys- 
tem which would enable good visual  observation of the ion source operation. The 
extraction electrode studies on the four-inch diameter source indicated that ion 
extraction from a 4 mu sl i t  might prove d i f f i c u l t  and it would be desirable t o  change 
the e x i t  aperture width from 4 mm t o  2 mm. 
performed under Contract NAS3-2$22 was done w i t h  a 2 mm e x i t  aperture, so a corres- 
ponding aperture s i ze  should be used t o  most e f f i c i en t ly  u t i l i z e  the information ob- 
tained from t h i s  work. 
should be used t o  most e f f ic ien t ly  u t i l i ze  the information obtained from this  work. 
A l l  indications, therefore, were that a 2 mm e x i t  aperture should used t o  obtain 
optimal extraction performance. However, modif'ication of the four-inch diameter 
source t o  a smaller aperture was not believed t o  be the direct ion i n  which t o  pro- 
ceed, An analysis was made of the relationship between the  obtainable ion beam 
current and the f r o n t a l  area s i ze  of the ion engine. 

2 density of 50 ma/cm and a four-millimeter e x i t  aperture, the four-inch diameter ion 
engine had a basic f r o n t a l  area of 104.2 cm and an output ion current of 300 ma 
giving an ion output current per uni t  f ronta l .a rea  of 2.88 ma/cm . 
aperture s i ze  were decreased t o  two millimeters, the  ion current per un i t  f r o n t a l  

2 area would be halved, if the current density remained a t  50 ma/cm 
diameter engine were constructed, more e f f i c i en t  use of the f ron ta l  area could be 
made by reducing the width of the front pole pieces. For example, f o r  a current 
density of" 50 ma/cm and a two-millimeter e x i t  aperture, a two-inch diameter ion 
engine would have a basic f r o n t a l  area of 26 cm and an output ion current of 
100 ma, giving an ion output current per un i t  f ron ta l  area of 3.84 ma/cm 
erably higher than even the or ig ina l  four-inch diameter ion engine with a f o u ~  
millimeter e x i t  aperture. 
t o  two millimeters and the  basic geometric superiority of the  smaller ion source 
diameter indicated that the most efficient and rewarding experimental e f f o r t  would 
be t o  build a smaller ion source. 

It was decided that the  cathode s tudies  

Furthermore, the extraction work being 

A l l  indications, therefore, were that  a 2 mm e x i t  aperture 

For example, f o r  a current 

2 
2 If the e x i t  

If a two-inch 

2 
2 

2 consid- 

The fac t  that  the e x i t  aperture width should be decreased 

Suff ic ient  benefit  could be derived t o  warrant the construction of a smaller ion 
source model so a two-inch diameter ion source configuration with a 100 ma ion beam 
design current output was planned: the two inch s ize  was believed t o  be the proper 
compromise between maximum current per un i t  f r o n t a l  area and fabricat ion d i f f i cu l ty  
with small s i ze  components. 
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The design of the two-inch diameter ion source model was essent ia l ly  a scaled down 
version of the four-inch diameter model. 
ted and was mounted on the same mounting configuration as had been used f o r  the four- 
inch diameter model. 
d iamet e r  model 

This two-inch diameter model was construc- 

P ic tor ia l  2.2.5 shows the completed assembly of the two-inch 

The t e s t  program for  evaluating the performance of the two-inch diameter ion source 
was begun and the i n i t i a l  t es t ing  revealed a problem i n  achieving a sat isfactory 
mounting arrangement f o r  the inner acceleration electrode. 
ion source made a conventional insulator mounting technique d i f f i c u l t .  
cided that the best way t o  solve t h e  problem was t o  eliminate the  inner acceleration 
electrode insulator t o  the outer acceleration electrode 
bridging the ion beam with support wires .  An interception problem of mercury ions 

s t r ik ing  the support wires would exis t  unless a shielding arrangement were provided. 
This shielding arrangement was accomplished by placing small tabs across the ex i t  
aperture of the ion source d i rec t ly  beneath the inner acce l  electrode support wires. 

An addi t ional  benefit was derived fromthe shielding tabs placed across the exit 
aperture, in that the cathode t o  anode region beneath the tabs was shielded from 
the extraction potential. 
t i on  poten t ia l  was present. 
chamber around the annulus and an acceptable start up procedure was obtained. 
a b i l i t y  t o  start the ion engine while the f u l l  extraction voltage is applied is 
important i n  minimizing extraction power supply weight and in  minimizing s t a r t  up 
electrode erosion effects .  A diagram of the shielding configuration is shown in 

Figure 2.2.7. 

The small s ize  of the 

It was de- 

This technique required 

It was possible t o  start the  arc while the f u l l  extrac- 
The arc then spread immediately t o  the r e s t  of the a rc  

This 

The two-inch diameter ion engine was tested and steady s t a t e  ion beam extraction 
was accomplished a t  rated output ion beam currents. 
obtained are those shown in Table 2.2.3. 

Typical performance values 

There are a f e w  character is t ics  of the  operation which are noteworthy. A t  a 

cathode temperature of 2400°C and a t  90 per cent propellant u t i l i za t ion ,  the a rc  
efficiency was approximately 360 eV/ion and the  a rc  voltage was approximately 27 
volts .  
propellant u t i l i za t ion  region. 
voltage was 36 volts.  Above 98 per cent propellant u t i l i za t ion ,  the required a rc  

voltage and eV/ion increased rapidly. 
l ifetime (determined by arc voltage and cathode temperature) and extraction elec- 
trode l i fe t ime (determined by propellant u t i l i za t ion)  w i l l  r e su l t  from the ion 

The arc  voltage was found t o  increase somewhat i n  the 90 t o  98 per cent 
A t  98 per cent propellant u t i l i za t ion  the a rc  

It appears that a compromise between cathode 
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FIGURE 2.2.7 INNER ACCELERATION ELECTRODE MOUNTING ARRANGEMENT 



Table 2.2.3 

Performance Data of Two-Inch Diameter Ion Engine (Tungsten Cathode) 

Heating Power, watts 
Magnetic Field, gauss 
Arc Voltage, vol ts  
Arc Current, amps 
Source Potential, kv 

Accel Potential, kv 
Ion Beam Current, ma 

Acceleration Electrode 
Current, ma 
Deceleration Electrode 
Current, ma 
Hg Flow Rate, ma equivalent, ma 
Propellant Utilization, $ 
Arc Inefficiency , eV/ ion 
Total  Source Inefficiency, 
ev/ ion 
Engine Power Efficiency, $ 

88 
140 
36 

1.5 
+2.5 

-14.5 
105 

12  

3 

107 
98 

514 

1350 

39 

source operating character is t ics .  
($3 per cent) t o  allow information t o  be obtained re la t ive  t o  the  a rc  voltage vs. 
propellant u t i l i za t ion  compromise. 
data was t en  minutes. A t  t h i s  point (a t  98 per cent propellant u t i l i za t ion )  the 

cathode power was increased t o  determine if  the  a rc  voltage could be lowered by 
increased electron emission, 
vo l t s  before a cathode burn out occurred. 

Data was taken a t  a high propellant u t i l i za t ion  

The length of the run represented by the above 

The arc  voltage was lowered from 36 volts  t o  25 

Immediately a f t e r  the tes t  was terminated, the propellant supply was calibrated by 

measuring the  r a t e  of mercury flow as a function of time. 
the propellant supply was f'unctioning properly and that the per cent u t i l i za t ion  
number was correct t o  within four per cent (standard deviation of data points). 
Room temperature changes during the  experiment were not accounted f o r  and t h i s  
represents an additional possible error i n  the mercury flow f o r  t h i s  experiment. 
To reduce the  possible e r ror  from room temperature changes, a water bath was con- 
structed f o r  the mercury supply l ine  fo r  use i n  subsequent tes t ing.  

This data indicated that 
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Another milestone, the achievement of an e f f i c i en t  extraction system, had a l so  been 
reached. It was not the purpose of the research t o  go f'urther in to  the development 
of extraction systems at  th i s  time since parallel work on extraction systems was 
being performed under Contract NAS3-2522. 

2.3 Cathode Studies 

The f inal  major problem t o  be solved was the  problem of furnishing the elec- 
t rons t o  the discharge using an eff ic ient  cathode. 
the nickel  matrix cathode research since t h i s  type of cathode seemed t o  hold the 
most promise in satisfying the electron emission requirements. 

It was decided t o  continue with 

The problem of ins ta l l ing  a nickel matrix cathode i n  the transverse f i e l d  ion source 
was basical ly  the mechanical problem of supporting a th in  s t r i p  of hot nickel matrix 
material  around the ex i t  aperture annulus. The th in  strip of nickel matrix material 
must be heated t o  temperatures of 1OOO"C t o  allow act ivat ion t o  OCCUP. 

requirement complicates the mechanical problem. 
t o  be solvable with a directly-heated wire technique. 
nickel matrlx cathode concept was a nickel matrix w i r e  suspended in  the ion source 
from insulated studs and d i r ec t ly  heated. 
sa t i s fac tory  due t o  the f a c t  that the sintered nickel matrix material i n  wire form 
is b r i t t l e  and is d i f f i c u l t  t o  fabricate and support without breaking. 
decided that a superior configuration would r e su l t  if the nickel matrix material 
were inclosed i n  a metallic sheath which would provide both mechanical strength 
and d i r ec t  heating. 
section view of Figure 2.3.1. 

The heating 
The heating requirements appeared 

Therefore, the  or ig ina l  

However, t h i s  concept was not immediately 

It was 

A pure nickel sheath was fabricated as i s  shown in  the cross 

The cathode sheath was held i n  a sandwich with mica a s  an insulator. Nickel and 
emitter m i x  powder (799 Ni, 205 emitter m i x ,  19 ZrH) was pressed in to  the cavity 
using an arbor press. 
s e t  up (high mercury pressure) and a current density greater  than 3 amps/cm was 
obtained a f t e r  activation. The cathode assembly was then placed i n  the ion engine, 
but a shor t  c i r cu i t  terminated the t e s t  before s ignif icant  emission could be ob- 
tained. 

This cavity assembly was tes ted i n  a diode experimental 
2 

An attempt was made t o  fabr icate  the cathode sheath by stamping out the desired 
form (Figure 2.3.1) from O.OO5-inch thick f o i l .  The mechanical character is t ics  
obtained by t h i s  method were excellent. 
sheath was too small t o  allow adequate heating of the nickel powder in the cavity 
and act ivat ion of the cathode was not possible. 

Unfortunately, the  cross section of the 
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Additional cathode sheaths similar t o  that shown i n  Figure 2,3.1were fabricated and 
tested. 

powder), a superior insulating material. 
cover p la te  which closed off the ex i t  aperture t o  allow cathode act ivat ion i n  the 
ion source under a higher discharge pressure than is ordinarily available.  
cover p la te  eliminatqd the  need fo r  activation in  the diode s e t  up and allowed com- 
p le te  pressure control in the  ion source. Tests were made with a cathode in the 
ion source and performance equal t o  that obtained previous3y i n  the  diode set up 
was achieved in  the high pressure si tuation. However, when the  pressure was lowered 
by partially removing the cover plate,  the  discharge current decreased s ignif icant ly  
from 2 amperes t o  0.2 amperes. 
the high pressure discharge while increases i n  magnetic field decreased the  low 
pressure current. 
the  high pressure cathode emission was temperature limited while the low,pressure 
cathode emission was space charge limited, 
not present in  the  transverse f i e l d  ion source operation with a tungsten cathode. 

The mica insulator was replaced with Sauereisen Electrotextp Cement (No. 8 
The ion engine was equipped with a movable 

This 

Also, the magnetic f i e l d  had a beneficial  e f fec t  on 

It was determined from the character is t ics  of the  operation that 

This space-charge-limited operation was 

The cause of the  space-charge-limited operation was due t o  the geometrical orienta- 
t i on  of the  cathode in  the magnetic f i e ld ,  
emitting surface parallel t o  the magnetic f i e l d  as shown i n  Figure 2.3.1. 
geometry was chosen f o r  mechanical simplicity. 
ne t ic  f i e l d  a t  the  surface of the  cathode caused a suppression of the  electron 
emission. A t  low discharge pressures, the  magnetic f i e l d  retarded electron emis- 
sion.giving a space-charge-limited operation with a maximum a rc  current of 0.1 

amperes, with the  cover p la te  completely removed. 
the cathode sheath was small and temperature-limited cathode operation was obtained 
i n  s p i t e  of the magnetic f i e l d  (collisione allow electron migration across the 
magnetic f i e l d  l ines) .  
neglected f o r  mechanical simplicity. The obvious corrective measure was t o  re- 
build the  cathode a s  shown in  Figure 2.3.2. 
suppression of the electron emission since movement of" electrons along magnetic 
f i e l d  l i nes  is unimpeded. This new cathode was constructed and tes ted.  There was 
a s ignif icant  improvement i n  the cathode emission character is t ics  with several  
amperes of a r c  current available i n  the  low pressure discharge (cover p la te  com- 
p le te ly  removed). 
the ion engine performance. Data from t h i s  run a re  shown below i n  Table 2.3.1 

The cathode w a s  constructed with the 
This 

However, the presence of the mag- 

A t  higher discharge pressures, 

This cathode orientation concept had been or iginal ly  

Thenthe magnetic f i e l d  w i l l  not cause 

A f ive  minute run was made t o  obtain preliminary inf"ormation on 
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The performance data appeared very encouraging i n  that  the  operation was very s i m i l a r  
t o  the operation obtained with a tungsten cathode. 
temperature were higher than desired. 

The a r c  voltage and cathode 

Table 2.3.1 
I n i t i a l  Performance of Transverse Field Ion Engine 

with Nickel Matrix Cathode 

System Pressure, t o r r  
Cathode Temperature, OF 
Filament Voltage, vol ts  
Filament Current, amps 
Magnetic Field, gauss 
Arc Voltage, vol ts  
Arc Current, amps 
Engine Potential, kv 
Accel Potential, kv 

Total Ion Beam Current, ma 
Hg Feed Rate, ma Equivalent, ma 
Accel Current, ma 
Decel Current, ma 
Accel Interception, $ 
Arc Inefficiency, eV/ion 
Total  Source Inefficiency, eV/ ion 
Propellant Util ization, 5 
Engine Power Efficiency, $ 

2 10-5 
2Ooo 

5 03 
15 
150 
55 

1.2 
+2.5 

-ll 
105 

114 
8 
4 

7.6 
629 

1385 
92 
47 

Several addi t ional  cathodes of t h i s  type were fabricated, installed,  and tes ted.  
The attempt was made i n  a l l  tests t o  locate the cathode emitting area central ly  
i n  f ront  of the pole face point since the optimum posit ion f o r  the introduction 
of electrons t o  the plasma is the position where the maximum magnetic f i e l d  is 
available.  

emitting area of 0.725 cm . 
so that a larger  number of electrons would be available f o r  the crossed field 

discharge. 
ion engine performance. 

Figure 2.3.3. 

The first cathode, used t o  obtain the data of Table 203.1, had an 
2 The sec.ond cathode tes ted had a larger  emission area 

2 The emitting area was increased t o  1.0 clp I 

The resul ts  of t h i s  performance run are  shown in  
A t e s t  was made of the 
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FIGURE 2.3.3. PERFORMANCE CHARACTERISTICS OF THE TWO-INCH I O N  ENGINE 
WITH A POWDERED NICKEL MATRIX CATHODE 
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The arc  voltage had decreased t o  42 volts f o r  a propellant u t i l i za t ion  of 92 per 
cent from the performance (55 vol ts)  of the  previous cathode. 
emitting area had a beneficial  effect  on the a rc  voltage. 
not improved, due t o  the increased heater power requirements. 

The increase i n  
The t o t a l  eV/ion was 

An arrangement t o  maximize the emitting area i n  the allowable space was devised. 
The concept was t o  locate cathodes i n  f ront  of both the inner and outer pole faces, 

as shown i n  Figure 2.3.4. 
t o  install the inner cathode. 

Modification of the  ion engine assembly was necessary 

Unfortunately, there were several  basic d i f f i c u l t i e s  associated with mounting 
cathodes on both sides of the ex i t  aperture. 
leakage behind the cathodes, d i f f i cu l t  mechanical tolerances, and high cathode 
heater power consumption which overheated the magnetic pole faces. 
solution t o  these problems was t o  mount the cathode structure i n  the center of the 
e x i t  aperture and have the cathode structure emitting electrons toward both the 

inner and outer pole faces. This configuration is shown i n  Figure 2.3.5. The 
cathode structure was fabricated from tantalum t o  improve the d i rec t  heating 
capabi l i t ies .  
f igurat ion shown i n  Figure 2.3.5. 
pel lant  u t i l i za t ion  region f o r  a rc  voltages i n  excess of 32 volts .  
t i o n a l  t e s t s  were made, but fur ther  improvements in cathode performance were not 
obtained. 

These d i f f i cu l t i e s  were propellant 

The obvious 

A t e s t  was made of the ion source performance with the cathode con- 
Typical operation was i n  the 50 per cent pro- 

Several addi- 

The concept of using powdered nickel and emission mix was reexamined in  the l igh t  

of the experimental resu l t s .  Many cathode configurations and ex i t  aperture geom- 
e t r i e s  had been t r i e d  without significant improvement i n  the a rc  voltage and cur- 
rent  character is t ics .  
nickel matrix cathode was a be t te r  electron source than the unpressed powder 
cathode. 
mechanically easier  t o  fabr icate  and i n s t a l l .  
pressed and sintered nickel matrix cathode wire is d i f f i cu l t  because it is very 
br i t t le .  

i n s t a l l a  pressed and sintered nickel matrix cathode. 

There existed the poss ib i l i ty  that a pressed and sintered 

The only reason f o r  the use of the unpressed cathode was that it was 
Instal l ing a directly-heated 

However, it seemed advisable t o  attempt t h i s  d i f f i c u l t  t ask  and t o  

The problems of ins ta l l ing  a pressed and sintered nickel matrix cathode i n  the 
transverse f i e l d  ion source r e su l t  from the required geometry of the  cathode struc- 
t u re  and f romthe  mechanical properties of the  cathode m t e r i a l .  
geometric form is that of a th in  ring and according t o  the resu l t s  of Reference 7, 

The required 
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the  f r a g i l i t y  and porosity of the sintered nickel r ing w i l l  depend u p n  the  s in te r -  
ing procedure. 
f r a g i l i t y  and maximum porosity whereas increased s inter ing w i l l  y ie ld  increased 
strength but decreased porosity of the cathode material. 
g i l i t y  and porosity must be made. In addition, s inter ing techniques must be such 
as t o  minimize the formation of cracks and voids which weaken o r  sever a th in  ring, 
A good mounting technique must be devised which w i l l  allow the ring t o  be mounted 
without stress. 
means a lossless ,  reliable e l ec t r i ca l  connection must be made. 

According t o  Reference 7, minimum sinter ing w i l l  r e su l t  in  extreme 

A compromise between fra- 

Finally, if the ring is t o  be d i rec t ly  heated by e l e c t r i c a l  

Sintering techniques were iqvestigated in an attempt t o  improve the s t ruc tura l  
properties of the cathode f o r  the i n i t i a l  ins ta l la t ion.  
i n  the vacuum sinter ing f a c i l i t y  where the  cathode material w@s heated by induction 
heating. It was found that a satisfactory absence of cracks i n  the stock was 
achieved when the vacuum system pressure was kept below 150 microns. 
sure requirement was a measure f o r  limiting the in te rna l  pressures i n  the cathode 
stock caused by outgassing and carbonate breakdowns. 
allowed proper adjustment of the heating rate. 
were required t o  bring the cathode stock t o  a temperature of 1000°C.  

stock was sintered above 1000°C f o r  an hour and th i s  gave sat isfactory machining 
properties.  It was a l so  found that the probabili ty of cracks forming in t he  
cathode stock was decreased if t h e  cathode stock was machined in to  a toro ida l  
shape before sintering. 

Several t e s t s  were made 

This pres- 

The pressure requirement 
About sixteen hours of heating 

The cathode 

The ins ta l la t ion  of a pressed and sintered nickel matrix cathode was accomplished, 
and when tested a s ignif icant  improvement in  the emission character is t ics  was 
noted. 
vo l t  range. In addition, when the mercury flow r a t e  was decreased from 130 ma 
equivalent current t o  99 ma equivalent current, the a r c  voltage decreased from 
21 t o  19 vol ts .  
is possible that other variables in the system may have been responsible f o r  the 
apparent improvement i n  emission. 

The a rc  voltage was in  the 15-25 vol t  range instead of the  previous 30-40 

These phenomena were not completely understood at  th i s  time. It 

Dif f icu l t ies  were encountered in  mintaining the e l e c t r i c a l  connections t o  the  
filament, so several  methods for  mounting the cathode ring were investigated. 

The best mounting method found was a four point support with tantalum studs. 
The e l e c t r i c a l  current fo r  heating the r ing was brought i n  one s ide  and taken 
out of the opposite side of the ring; the  two hazves of the  ring being connected 
i n  parallel. A problem of maintaining the  e l e c t r i c a l  connections occurred upon 
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heating the ring and was solved by developing a spot welding technique t o  attach 
the tantalum studs t o  the nickel matrix cathode. A t  th is  point the research 

effort was ended due t o  the approaching termination date of the contract period. 
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3.0 CONCIIJS IONS 

The achievements of the experimental research program f o r  investigating a transverse 
f i e l d  ion source can be swmnarized as follows: The construction of a transverse 
f i e l d  ion source was accomplished and ion source performance was investigated; an 
extraction system was constructed and studied; advances were made i n  understanding 
the  operation of a nickel matrix cathode i n  a transverse f i e l d  source. 

It is evident from the experimental resul ts  that extremely e f f i c i en t  ion source 
performance is  possible with the transverse f i e l d  ion source concept (arc inef- 
f ic ienc ies  less than 200 eV/ion have been obtained above 90 per cent propellant 
u t i l i za t ion ) .  The major problem remaining t o  be sol-ved is the  cathale problem. 
An e f f i c i en t  long lived cathode i s  necessary f o r  a workable ion thrustor  system, 

There are two promising poss ib i l i t i e s  fo r  solving the cathode problem. 
poss ib i l i ty  it: the  use of a nickel matrix dispenser cathode on which a considerable 
amount of work has already been performed. 
f e a s i b i l i t y  of the nickel matrix cathode. The second poss ib i l i ty  f o r  solving the 
cathode problem is t o  replace the mercury propellant w i t h  a cesium propellant and 
u t i l i zed  the  excellent emission characterist ics,  long l ifetime, and simplicity 
of a cesiated tungsten cathode. 
of the cesium propellant i n  t h e  transverse f i e l d  ion source and the indications a r e  
that cesium would be a superior propellant in th i s  application. 

The first 

Further work may substantiate the 

Theoretical studies have been made f o r  the operation 

74 



1 4.0 

1 1. 
2. 

I 3. 

I 4. 
5. I 
6. 

i 7. 

REFERENCES 

,* Kaufman, Harold R., "The Electron-Bombardment Ion Rocket", NASA E-1862 
TRW Ion Engine Staff, "Summary Report on Bombardment Ion Engine Development", 
Final R e p o r t  on Contract NAS8-42, T R W  ER-5180, October 1963. 
Bethe, H. A., and Ashkin, J., "Passage of Radiation Through Matter", Part I1 
of Experimental Nuclear Physics, Vol. I., E. Segre', Ed., John Wiley and Sons, 
New York, 1953. 
Fane, R. W., B r i t .  J. Appl. F'hys., 9, 1949 (1958). 
Cobine, James Dillon, l'Gaseous Conductors Theory and Engineering Applications", 
Dover Publicat ions, Inc., New York, 1958. 
Kushnir, R. W., Palyuhk, B. M., and Sena, L. A., Bul l .  Ac. Sci., Physical Sci., 

T R W  Ion Engine Staff, "Summary Report on Electron Bombardment Ion Engine 
Development", Final Report on Contract -3-2522, T R W  ER-5805. 

USSR, 3, 995, (1959). 

75 



REPORT DISTRIBUTION LIST FClR CONTRACT NO. NAS8-2527 

NASA Lewis Research Center (1) 
Spacecraft Technology Procurement Section 
21000 Brookpark Road 
Cleveland, Ohio 44135 
Attention: John H. DeFord 

NASA Lewis Research Center (1) 
Technology Util ization Office 
21000 Brookpark Road 
Cleveland, Ohio 44135 
Attention: John Weber 

NASA Marshall Space Flight Center 
Huntsville, Alabama 
Attent fan : 

(1) 

M-RP-DIR,/Dr . E. Stuhlinger 

NASA Headquarters (2) 
FOB-1OB 
600 Independence Avenue, Southwest 
Washington, D. C. 20546 
Attention : RNT/James Lazar 

Commander (1) 
Aeronautical Systems Division 
Wright-Patterson A i r  Force Base, Ohio 
Attention: AF'APL (APIE)/Lt. Robt. Supp 

J e t  Propulsion Laboratory (1) 
4800 Oak Grove Drive 
Pasadena, California 
Attention: J. J. Paulson 

Electro-optical Systems, Inc. (1) 
125 North Vinedo Avenue 
Pasadena, California 
Attention: R. C. Speiser 

General Electr ic  Company (1) 
Flight P r o m s i o n  Laboratory 
Cincinnati, Ohio 45215 
Attention: M. L. Braberg 

Ion Physics Corporation (1) 
Burlingt on, Massachusetts 
Attention: D r ,  S. V. Nablo 

Space Technology Laboratories (1) 
8433 Fallbrook Avenue 
Canoga P,ark, California 
Attention: D r .  D. Langmuir 

WWC/Capt. C. F, E l l i s  
Kirtland A i r  Force Base 
New Mexico 

(1) 

NASA Lewis Research Center (1) 
Reports Control Office 
21000 Brookpark R o a d  
Cleveland, Ohio 44135 

North American Aviation, Inc. (1) 
12214 Lakemod Avenue 
Downey, California 
Attention: Technical Ipformation Office 

Department 4096-314 

NASA Lewis Research Center (2) 
Library 
21000 Brookpark R o a d  
Cleveland, Ohio 44135 

Aero jet-General (1 ) 
Nucle oni c s Divi sion 
San Ramon, California 
Attention: Mr, J, S. Luce 

Hughes Research Laboratories (1) 
Malibu Canyon R o a d  
Malibu, California 
Attention: D r .  G. R. Brewer 

NASA Lewis Research Center 
Spacecraft Technology Division 
21000 Brookpark R o a d  
Cleveland, Ohio 44135 
Attention: J. H. Childs (2) 

D. L. Lockwood (1) 
R. D. Shattuck, (1) 
J. A. Wolters (7) 

United Aircraft Corporation (1) 
Research Laboratories 
E a s t  Hartford 8, Connecticut 
Attention: R. J. Meyerand, Jr. 

NASA Lewis Research Center 
Electromagnetic Propulsion Division 
21000 Brookpark Road 
Cleveland, Ohio 44135 
Attention: W. R. Mickelsen (1) 

W. Moeckel (1) 

Westinghouse Astronuclear Laboratories (1) 
Pittsburgh, Pennsylvania 15234 
Attention: Elec t r ic  Propulsion Lab. 

Mr. W. H. Szymanawski 

NASA Scient i f ic  and Technical Information 
Fac i l i ty  (6 + 1 Reproducible Master) ' Box 5700 

Bethesda, Maryland 20014 
Attention: NASA Representative RQT-2448 

Aerospace Corporation (1) 
P. 0. Box 95085 
Los Angeles, California 90045 
Attention: Library Technical Documents 

Group 


